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Abstract 
Interest and investment in additive manufacturing (AM) has been growing exponentially 
in recent years. Many AM processes for polymers and metals are nearing maturity, 
however for ceramics there are fewer processes available and they are in their early 
stages of development, with a significantly narrower material selection. AM offers 
benefits of light-weighting and increased efficiency through complex functional designs 
not possible by conventional manufacturing techniques whilst reducing material waste 
and tooling costs for different components. Ceramic heaters that exhibit positive 
temperature coefficient of resistance (PTCR) could be fabricated by AM for improved 
use in automotive and aerospace applications. This project demonstrates the feasibility 
of using AM to fabricate PTCR heating elements in various shapes and sizes including 
honeycomb lattice structures with the same material extrusion equipment – thus 
signifying the flexibility and suitability of AM to manufacture complex heater 
geometries. The project work traverse through an entire power-to-product processing 
excursion to achieve a functional prototype PTCR ceramic heater. 
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Barium titanate (BT) and lanthanum/manganese doped barium titanate (BT) based PTCR 
functional heater elements/structures were fabricated with desirable electrical 
properties for the first time using additive manufacturing by material-extrusion 
(robocasting). 3D printed components of varying size and shape, and prototype 
honeycomb lattices with high density were achieved with comparable and in some cases 
superior electrical properties. Aqueous, less organic containing (2.5 wt% additives 
versus 10-30 wt% added typically), eco-friendly ink formulations were developed with 
suitable rheological properties for 3D printing. For BT prints, the sintered densities of 
the 3D ceramic parts were found to be >99% TD, this is the highest reported value so 
far. The rheology of pastes required for robocasting was investigated in detail to 
understand the effect of dispersant, solids loading and viscofier contents. The 
rheological characteristics studied included yield stress, viscosity, shear stress, storage 
modulus and loss modulus. Different BT based PTCR mixtures were investigated through 
3D printing, calcination, sintering along with conventional pressing & sintering for 
comparison. Effect of printing parameters on print quality and print microstructure were 
investigated. Drying of the prints was investigated as a parameter to allow printing of a 
wider range of pastes with different viscosity and yield stress. Yield stress of paste 
formulations and controlled drying were identified as key contributors to the successful 
3D fabrication via robocasting. The microstructure, electrical properties and heating 
characteristics of the printed PTCR components were studied in detail and their thermal 
stability evaluated using infrared imaging and benchmarked against commercial PTCR 
heating element. The heating behaviour of the solid and porous 3D printed components 
was demonstrated to be similar, paving the way for light weight (  ̴47% reduction in 
weight) heaters suitable for automotive, aeronautical and even astronautical 
applications and the technique can also lead to significant materials savings during 
device fabrication.  
The general applicability of the robocasting-based AM technique augers well for its use 
to manufacture complex shaped advanced ceramics for demanding applications, for 
example, in automotive (heaters as described here), healthcare (biomedical implants - 
personalised dental and hip/knee implants), defence (high frequency, high temperature 
conformal antenna structures) and energy (battery components) sectors.   
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Chapter 1 
Introduction 
1.1 Background of the Project 
Vehicle passenger interiors require Heating, Ventilation and Air Conditioning (HVAC). 
Conventional heating systems use the heat lost by the Internal Combustion Engine (ICE) 
of the vehicle and dissipate it through the HVAC system. However, with increasing 
efficiency in modern engines there is less excess heat available, particularly when the 
external environment is cold as this cools the engine but this is when the heating is most 
desired. This conventional heating method is only able to transfer ~40% of the excess 
heat into the HVAC, with 30% of fuel energy heating the engine coolant and more in 
exhaust heat (for gasoline)  [1,2]. In order to adequately heat the vehicle, an auxiliary 
heating system is required. Conventional preheaters are not added to all vehicles, 
although they are specifically designed for heating and therefore are more efficient than 
capturing latent engine heat when gasoline is fired. However these are expensive, bulky 
and complex. Metallic resistance heaters have also been used but come with inherent 
disadvantages such as high power usage and potential to overheat [3].  
Positive Temperature Coefficient (PTC) heaters are a solution to combat inherent 
disadvantages of conventional heating. Compared to conventional HVAC they are 
thermally self-regulating; have a variable output capability and have a much faster 
response time, whereas the temperature of the heat disseminated by the engine is not 
controllable. They are durable and typically outlast the working life of the vehicle.  They 
are insensitive to small variations in supply voltage. They have efficient heat transfer 
with little loss since they are specialised for heating rather than as a secondary aspect 
of ICE. However, typically these auxiliary heating systems require a high energy input 
[1,3,4]. 
In 2010   ̴90% of diesel vehicles in Europe had PTC heaters. These heaters were 
introduced in the fuel system of diesel vehicles to prevent wax crystal precipitation 
within the in-line fuel filter over 30 years ago. These were introduced because fuel 
 
Introduction 
 2 
heating was required below -5 °C to prevent precipitation but the response of the ICE is 
slowed greatly at these low temperatures [4]. European regulation 672/2010 and US 
Federal Motor Vehicle Safety Standard, FMVSS 103 make it a legal requirement that 80% 
of a windscreen must be de-iced after 20 minutes of the vehicle’s de-icing heater. 
Coupled with a legal requirement to defog and de-humidify a windscreen, HVAC systems 
are legally required in modern vehicles [5].  
With the advent of hybrid and electric vehicles, the uptake of conventional heaters are 
no longer a viable option as the fuel system has efficiency maximised or is absent 
altogether, the problem of interior heating for passengers requires an electrical solution. 
In early hybrid vehicles, the power required for heating in winter weather could half the 
effective electric driving range so conventional gasoline fired heaters were used. Since 
the aim of the hybrid vehicles market (and later electrical vehicles market) was to reduce 
and ultimately eliminate emissions, an efficient electrical heating system is required 
[2,5–7]. 
Additive Manufacturing (AM) is currently undergoing exponential growth [8–10], 
especially in the last few years it has started to become a disruptive technology 
particularly with reference to advancements of metallic printing for demanding 
applications disrupting sectors of the aerospace industry. Since AM has a very wide 
technology base, some aspects of it are newer than others and they develop at different 
paces. Figure 1.1.i shows the progression of various AM related technologies and the 
perceived impact they have. A majority of applications are still in the trigger phase, 
meaning they are still in initial investment stages with proof of concept. Early successes 
are publicised, and excitement about future developments peaks, although this soon 
fades as the advancements take time. Rapid prototyping, one of the oldest uses of AM 
is now adopted as mainstream and its market saturation has plateaued [9–11]. The use 
of AM for fabricating advanced ceramics remains an immature technology, with great 
potential to allow ceramic components to be made in more complex forms than are 
currently possible by conventional means to improve design efficiency. It will also allow 
to reduce the cost of expensive post processing by near-net shape production of 
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complex and intricate components, although this is not true of every AM process 
[12,13]. 
 
 
Figure 1.1.i – The Gartner Hype Cycle for Emerging Technologies showing the 
expectations vs reality of 3D printing technologies [11] 
This project investigates barium titanate (BT) based compositions as it is known to 
exhibit by far the best PTCR properties of all available materials [14–16]. BT was 
discovered during the Second World War independently [17] by Wainer and Salomon in 
1942 in the USA [18], Ogawa in 1944 in Japan [19] and by Vul in 1944 in Russia [20]. This 
was during a drive to produce better capacitors for radar systems and was only a year 
after publication in the USA that the piezoelectric properties of barium titanate were 
discovered along with much experimentation on doping to alter the Curie temperature 
and other characteristics [21]. It is now considered as one of the most important 
ferroelectric materials and forms the basis for a vast majority of ferroelectric material 
used in piezoelectrics, multilayer ceramic capacitors as well as thermistors and PTC 
heaters [15]. 
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This project aims to assess the feasibility of using AM to fabricate PTC heaters. BT is used 
as the base material due to its well established dielectric properties and wide use by 
industry. The most common processing routes and their parameters are of interest for 
the formation of several doped BT PTCR materials [14]. This is to help identify if either 
route is particularly well suited or has any drawbacks in regards to the use of BT for AM. 
The different doped materials allow for investigation into their different PTCR 
characteristics and to note any differences in the AM fabricated heaters compared with 
die-pressed samples. One specific AM process, material extrusion (also referred as 
robocasting), is of most interest in this project. Only a small selection of AM processes 
are amenable to  ceramic fabrication and robocasting or micro-extrusion, was found to 
be the most appropriate after reviewing the available processes for the proposed work. 
Thorough characterisation of ceramic paste formulations and 3D printed PTC heaters 
were carried out for their structural, microstructural and performance attributes. 
This chapter gives an overview of the background and provides the project context with 
the stated aims and objectives. Chapter 2 provides a thorough literature review of the 
relevant aspects including PTC heaters, review of additive manufacturing processes 
available along with a focus on the chosen process of material extrusion. Barium titanate 
ceramics are discussed in depth with the PTCR effect explained based on existing 
theories. Chapter 3 gives the experimental details on the powder synthesis, paste 
formulation, printing, heat treatment and all other relevant characterisation tests 
carried out in this project. Chapter 4 includes all the results and the pertinent discussion. 
This chapter includes the results of powder synthesis, rheological behaviour of pastes 
and their applicability to the 3D printing process, sintered microstructure of the printed 
components and effect of doping, PTCR electrical characteristics and finally the heating 
characteristics of prototype heaters made using infrared videography. Chapter 5 
summarises the conclusions of the work and Chapter 6 suggests future 
recommendations that could be undertaken. 
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1.2 Aims and Objectives of the Project 
The aim of this research is to determine the feasibility of employing additive 
manufacturing for fabricating functional PTCR heater elements based on barium 
titanate.  
The specific objectives include: 
1. To investigate additive manufacturing by micro-extrusion of several barium 
titanate based functional ceramic materials 
2. To characterise the paste material formulations used for micro-extrusion and 
how this affects the additive process 
3. To characterise the 3D printed and sintered materials 
4. To assess the electrical and heating behaviour of additively manufactured 
heater components 
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Chapter 2 
Literature Review 
2.1 PTC Heaters 
2.1.1 Background 
PTC heating elements are most commonly made from barium titanate based materials 
[22,23]. Heaters must provide a controllable heat output over a range of temperature 
and input voltage efficiently. Being in a high voltage, high temperature work 
environment, safety is a necessity. Light weighting is not a priority for automobiles so 
much as in the aerospace sector; however, the lighter the better. Automotive heaters 
fit into two categories – air heaters and water heaters. Interior cabin heaters are 
typically air heaters since they are required to heat air, while conventional HVAC systems 
use water as a coolant to carry heat away from the area more effectively, which is then 
used as heating in the HVAC [1,5].  Figure 2.1.1.i gives a schematic of the typical location 
of a PTC heater in a car. 
 
Figure 2.1.1.i – Schematic of a PTC heater located in an electric car [7] 
There has been exponential growth in the uptake of electric and hybrid vehicles, as seen 
in Figure 2.1.1.ii. Along with the increasing engine efficiency in conventional 
automobiles, the growth of electric/hybrid cards has led to a growing need for PTC 
heaters for interior cabin heating, and fuel heating [2,5–7]. 
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Figure 2.1.1.ii – Sales of Plug in Electric Vehicles (PEV, introduced 12/2010) vs Hybrid 
Vehicles (HEV, introduced 12/1999) over their respective two year introductory 
period in the USA [24] 
 
2.1.2 Comparison with conventional heaters 
Metallic resistance heaters have been used in HVAC systems but are inherently difficult 
to control as they have a near constant power level (only a 5 – 15% resistivity increase 
over 1000 °C in the case of Tophet, a nickel chromium alloy) and is therefore non-
regulating. Figure 2.1.2.i shows this in comparison with a PTC element. Since they are 
not self-regulating and continue to heat with power input, they essentially only exist as 
on or off and require a temperature sensor to cut the input power once it has reached 
a given temperature. This means the output temperature cannot be safely controlled in 
a self-regulating manner, only by external regulation [3,25]. 
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Figure 2.1.2.i – Resistance vs Temperature for a PTC element and a typical metallic 
resistive wire [3] 
A conventional heater is controlled by a thermostat so that it cycles on and off within a 
rough boundary to maintain the target temperature, as shown in Figure 2.1.2.ii. In order 
to achieve fast warm-ups, conventional heaters have to be overdesigned to operate at 
up to five times steady state power. For instance, a 100 W heater averages a 20 W 
output after heat up [5]. 
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Figure 2.1.2.ii – Conventional heater and a PTC heater - performance comparison [25] 
 
2.1.3 Applications 
The greatest market share of PTC heaters is for HVAC systems across all automotive 
types, with a particularly large share of the hybrid cars market and a growing share 
overall amongst electric, hybrid cars and other automotive transport. PTC heaters are 
also commonly used in various household appliances such as hair dryers and hair 
straighteners [26,27]. More efficient room heaters with a greater required output also 
use PTC heaters as seen in Figure 2.1.3.i. 
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Barium titanate based PTC materials have many applications other than heating due to 
their unique dielectric properties. Thermal sensors, known as thermistors, are used to 
measure the temperature dependant on voltage as opposed to giving a temperature 
output depending on voltage [23]. In electronics PTC materials are used as current 
limiters in fuses and as attenuators in display monitors. 
 
Figure 2.1.3.i – Schematic of an air heater with a honeycomb PTC heating element 
[26] 
 
2.1.3.1  Scope for expansion with additive manufacture 
PTC heaters come in two general designs, the ‘Pill and Fin’ and the ‘Honeycomb’ as 
shown in Figure 2.1.3.ii. The Pill and Fin design has thin aluminium fins as heat sinks 
distributed along strips of PTC ceramic. The honeycomb structure is a perforated 
ceramic structure, dissipating its heat directly into the air or fluid, as in the case of fuel 
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heating applications. However, these are two broad designs which can be varied [3,28]. 
The heat sinks remove the heat dissipated from the PTC yet in some designs may also 
doubly function as an electrical terminal. An insulator is typically required to ensure the 
current does not pass into the casing of the appliance if it is conductive. A positive 
terminal is required for the power to evenly distribute through the surface of the PTC 
material with an equal grounding terminal; these can also be designed to assist the 
redistribution of heat to the heat sinks or air [1]. 
The ceramic used in PTC heaters is conventionally manufactured using powder pressing 
or tape casting to form PTC stones for use in pill and fin heaters, or extruded into a 
honeycomb structure which is then cut to the desired thickness. In both cases this is 
then binder removed and sintered. Finally, it is then metallised for electrical contact. 
The plastic casing is typically moulded [3]. 
 
 
Figure 2.1.3.ii – Pill and Fin PTC heater design (left) and Honeycomb design (right) [3] 
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2.2 Positive Temperature Coefficient of Resistivity in Barium Titanate 
2.2.1 Background of effect 
A positive temperature coefficient is the name of the characteristic effect shown in 
Figure 2.1.2.i. There is a low electrical resistance at low temperatures but upon reaching 
the Curie temperature (TC, typically defined as being the temperature at double the 
minimum resistance), there is a sharp increase in resistivity by several orders of 
magnitude as a result of phase change within the material. In this low resistance stage, 
it is very difficult to regulate the heat output to a given temperature, as with metallic 
resistance heaters, so typically the PTC heater would have a given temperature during 
operation. This operating temperature is pre-determined in the processing stage, and 
with an applied voltage the PTC heater heats up until the PTC effect locks it at that 
temperature. Since the resistance increase is so huge over such a narrow temperature 
range, thermal equilibrium is reached when the input power equals the dissipated 
power. However, any change in this input power equates to very little change in the heat 
dissipated due to the steep resistance-temperature curve, a ±30% change in voltage 
equivalents to less than a 10 °C temperature change [4,29].  
Figure 2.2.1.i shows the PTC effect on a voltage-current diagram. As the resistance is 
near constant or slightly negative in PTC materials at very low voltages, the current 
increases with voltage before reaching Tc and dropping abruptly as the material 
discharges heat and the resistance increases. The PTC forms a balance between the 
power input and the heat dissipated to the ambient temperature, so the current falls if 
the ambient temperature rises due to lack of heat sink, decreasing heat dissipation 
[1,25,30]. 
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Figure 2.2.1.i – Positive temperature coefficient voltage-current characteristics [25] 
Equation 1 – The heat transfer equation from PTC to ambient [25] 
 
 
Equation 1 describes the relationship between the power input in a PTC and the heat 
dissipated. This shows that the power required is a linear relationship to raise the load 
temperature to a given temperature. This is shown in Figure 2.2.1.ii along with the PTC 
Watts-Temperature curve. The difference between the two solid lines demonstrates the 
self-regulating ability of PTCs – despite a 60 °C increase in ambient temperature, the 
load temperature only increases by 2 °C. The dotted line represents a 50% decrease in 
load via loss of surface area demonstrating the load temperature still remaining near-
constant [25,30]. 
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Figure 2.2.1.ii – Thermal balance of PTC in a steady state [25] 
 
2.2.1.1 Crystal Structure 
In Barium Titanate, BaTiO3 (BT) at the Tc the crystalline structure of the material changes 
from tetragonal to cubic. This temperature is adjustable by dopants in the material 
processing stage to be 60 – 180 °C in automotive applications. The grain boundaries of 
the cubic structure have a several orders of magnitude increase in resistivity compared 
to the lower temperature tetragonal structure [4]. The grain boundary resistance 
derives from it acting as a Schottky barrier. BT is an n-type semi-conductor with electron 
donors residing within the grain structure, and grain boundary barrier layer, rather than 
decrease carrier mobility it decreases carrier density. This is a potential barrier caused 
by acceptors at the grain boundary but is reduced by a screening effect below TC  [31,32]. 
The PTC effect only occurs over a specific range of electron donors – 5x1017 cm-3 and 
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1x1019 cm-3 – since too low and the barrier level would be too small for a noticeable 
effect and too high and it effectively becomes an insulator. Figure 2.2.1.iii shows how 
the electron energy varies across the grain boundary. Surface-trapped charge builds at 
the edge of the grain, and forms a double depletion layer, since there is a grain on the 
other side too, which is depleted of carriers. The built-in potential is the amount of 
energy required to surpass the barrier [31,32]. 
 
Figure 2.2.1.iii – Grain boundary electron energy diagram in BT. W is width of 
depletion layer and Vbi is potential build-in [31] 
 
2.2.1.2 Phases 
At room temperature BT is in a tetragonal phase of a ferroelectric Face Centred Cubic 
(FCC) structure with titanium, Ti4+, at the body centre, surrounded by barium, Ba2+, at 
the corners and oxygen at the faces, seen in Figure 2.2.1.iv. These phases, with 
rhombohedral and orthorhombic at lower temperatures, occur due to distortions to the 
symmetry of the cubic structure leading to displacements of the cations and thus 
spontaneous polarisation in the ferroelectric structure [33]. During the paraelectric 
cubic phase the titanium becomes fully central in the lattice, forming an FCC structure. 
The dielectric permittivity spikes during the phase change between the two, known as 
the Curie point or Curie temperature (Tc) [34]. These phases remain the same when 
doped, with trivalent ions replacing Ba2+ and pentavalent ions replacing Ti4+. 
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Figure 2.2.1.iv – Phase changes in barium titanate [35] 
 
2.2.2  Theories behind PTC effect 
Donor doped barium titanate exhibits the PTC effect from the TC, theories were first 
explained by Heywang et al [32] and expanded by Jonker et al [36] as being primarily a 
resistive grain boundary effect with conductive grain bulk. The grain bulk remains an n-
type conductor irrespective of the doping or temperature if enough free electrons are 
available from partial reduction of the ions through the creation of oxygen vacancies, 
rather than doping with higher valency ions. This is due to the ferroelectric polarisation 
in the tetragonal state, seen in Figure 2.2.1.iv, causing surface charges along the grain 
boundaries, seen in Figure 2.2.2.i, and therefore the charges either diminish or increase 
the electron barrier at the grain boundaries. As the conduction through the material will 
follow the lowest resistance, the areas with the lowest barriers lead the whole material 
to be conductive [36,37].  In contrast, electron trap or potential barrier shown in Figure 
2.2.1.iii is a two dimensional structure along the grain boundary which increases in 
electron energy required to pass it with increase in temperature. This results in the 
decrease in conductivity. After the maximum resistivity is reached the resistivity begins 
to drop with increasing temperature (rather than stabilise) which is due to the semi-
conducting nature of the electron traps – with a greater increase in energy they jump to 
the conduction band at the Fermi level, which results in the negative temperature 
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coefficient of resistivity after the maximum resistivity [32,36,37]. This theory has been 
confirmed experimentally numerous times [38–41]. 
 
Figure 2.2.2.i – Ferroelectric domains in BT grain boundaries where P is the vector of 
polarisation and PN is the normal component [36,37] 
 
2.2.3  Dopants 
2.2.3.1 Donors 
Donor dopants in BT are of lanthanum and yttrium and trivalent antimony. These form 
trivalent ions in the lattice and substitute barium atoms. Pentavalent ions substitute 
titanium atoms; niobium, tantalum and pentavalent antimony [37]. These ions form a 
charge imbalance which destabilises the structure so charge compensation occurs, 
producing electrons through reduction of titanium ions or the creation of titanium or 
oxygen vacancies, altering the overall electrical properties of the doped BT material to 
form n-type conductivity [42]. The quantities of lanthanum that result in a PTC effect 
and thus room temperature conductivity are shown in Figure 2.2.3.i. 
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Figure 2.2.3.i – Resistivity by concentration of lanthanum for BT (with alumina and 
silica sintering aids) [43] 
 
2.2.3.2 Acceptors 
Strontium and manganese are also used substitutionally to raise the ohmic properties 
of the grains [44,45]. Calcium is used to replace titanium sites in the lattice and acts an 
acceptor, although it can instead replace barium leading to a negligible effect [46,47]. 
These acceptors increase the Schottky barrier leading to a greater a PTCR jump, 
improving the PTC qualities of the material but at the expense of a greater room 
temperature resistivity compared to donor only doped BT. As well as being of greater 
magnitude the jump is sharper, occurring over a smaller temperature range as seen in 
Figure 2.2.3.ii. 
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Figure 2.2.3.ii – PTC jumps from donor doping (H) and donor and acceptor doping (J) 
[36] 
 
2.2.3.3 Stoichiometry 
The PTC behaviour in doped BT is incredibly sensitive to dopant concentrations and 
stoichiometric balance. For lanthanum only doping, the lowest room temperature 
resistivity was originally found to be 0.15 mol% [48] and later refined to 0.135 mol% 
[49]. For donor and acceptor doped BT, the lanthanum content has to correlate with the 
manganese (found to give the best PTC effect of all acceptor/donor combinations 
[37,48]) to reduce the room temperature resistivity and thereby maximise the PTC jump. 
The optimum stoichiometry to give the greatest PTC jump for a given lanthanum molar 
ratio is Ba1-xLaxMn(x-0.15)/2Ti1.01-x/4O3, where Mn can be discounted for donor only doping 
[42,45,48–51]. The barium/titanium ratio also influences the PTC effect for lanthanum 
doped BT, where 1 mol% excess titanium (1 barium to 1.01 titanium) achieves a 
significantly lower room temperature resistivity (up to 3 orders of magnitude lower) [52] 
for reasons discussed in 2.2.3.1 while also leading to an increase in density from 72 to 
93 %TD and is therefore a desirable addition. However, an excess of barium in the 
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material forms Ba2TiO4 which absorbs moisture, reacting to form Ba(OH)2 and draining 
barium ions from the grain bulk. This is detrimental to both the PTC behaviour by 
increasing the resistivity of the material, seen in Figure 2.2.3.iii, and the strength of the 
intergranular area leading to a weaker, more fragile material [49].  
 
Figure 2.2.3.iii – Sintering duration of 1 mol% excess barium (No.1) and 1 mol% 
excess titanium (No.3) on the PTC effect [52] 
 
2.2.3.4 Curie Temperature modifcation 
The TC in undoped BT occurs at   125 °C; the addition of strontium and calcium can lower 
this to 60 °C and lead can raise it to over 250 °C, so these dopants are primarily used to 
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alter the TC [53]. Typically, over 120 °C is the temperature required for coolant heater 
applications [28]. However, in the last two decades alternatives have been investigated 
to reduce or replace the lead dopant for environmental reasons; for pollution free 
sintering (no PbO in fumes). Since lead is used to raise the TC of BT, (Bi1/2Na1/2)TiO3 (BNT) 
can be used as a replacement as it is ferroelectric and has its own Tc of 320 °C [44,54]. 
Altering dopant concentrations varies the crystal phase change temperatures 
respectively, shown for zirconium and calcium in Figure 2.2.3.iv, but not necessary the 
same phase changes in the system. Zr typically lowers all phase change temperatures 
with increasing concentration above 0.08 mol% but below that orthorhombic – 
tetrahedral (O-T) and rhombohedral – orthorhombic (R-O) decline at odds with the 
tetragonal – cubic (T-C) Tc. Ca displays a similar difference with a steady T-C Tc with 
increasing concentration but a declining R-O and O-T which stabilises the BT as 
tetragonal even at absolute zero >24 mol% calcium [35].  
 
Figure 2.2.3.iv – Curie temperature modifications by dopant amounts in BT. Ca is the 
dotted lines, with Zr the solid, where black represents the T-C transition, red the O-T 
transition and blue the R-O transition [35] 
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2.3 Barium Titanate based materials for heating applications 
2.3.1 Alternative PTC materials to BT 
Certain polymers with conductive filler exhibit a PTC effect at the glass transition 
temperature (Tg) as the bulk polymer’s crystal structure breaks down. Carbon black is a 
typical conductive filler used to fill a significant wt% of the polymer (25 – 50 wt%) which 
then exhibits a PTCR jump of 4.5 orders of magnitude for the greatest polymer PTC effect 
in a thermoplastic, HDPE [55]. Thermosets have also been demonstrated with a gold-
copper filler that exhibit a PTC effect of 10 orders of magnitude [56] although with very 
poor cyclic behaviour. Polymer PTC cannot handle many cycles compared to ceramics, 
with a gradual decrease in PTC effect over lifetime due to the physical changes within 
the material. The switching temperature, at which the PTC jump occurs like Tc in BT, is 
also liable to fluctuate over few cycles [57].  
In ceramics, the dielectric permittivity behaviour which forms the basis for the PTC effect 
is observed only in structures with ferroelectric – paraelectric phase transitions, found 
in oxides with the perovskite structure. Of these perovskite electroceramics, barium 
titanate demonstrates the best PTC behaviour, under the conditions described in 2.2.3. 
There are only a few exceptions which tend to replace barium in the BT crystal lattice 
and show inferior PTC behaviour; however these are sometimes used for their 
alternative behaviour such as the Tc of 480 °C in lead titanate [58].  
 
2.3.2 Why BT is the most preferred PTC material 
 BT forms the predominant baseline material for the majority of PTC materials [59], with 
commercial materials known as X7R [60,61] and Z5U [62] comprising >90% BT for the 
huge $1.2b multi-layer ceramic capacitor market, 3x the size of the resistor market [63]. 
The PTC thermistor market tripled in size from 1983 to 1991 to $0.3b in Japan alone and 
has continued to grow since [23]. While there can be significant quantities of dopants, 
up to 20% of the material including zirconium, calcium and lead, the bulk of the market 
is made up with materials of bulk barium titanate. The dopants available to tailor the 
properties of barium titanate is shown in Figure 2.3.2.i and displays the wide range 
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available, illustrating one reason why barium titanate is preferred. It is also highly 
resilient with little change over product lifetime, <5% resistance increase over 10,000 
cycles, with a correlation found between even greater cyclic stability and decrease in 
grain size [64].  
 
Figure 2.3.2.i – The range of dopants available for BT [65] 
 
2.3.3 Synthesis routes for BT  
2.3.3.1 Hydrothermal synthesis 
Fine barium titanate powders are commercially mass produced mostly by the oxalate 
synthesis and hydrothermal growth methods [66]. Barium hydroxide and barium acetate 
are mixed in ethanol with tetrabutyl titanium and heated up to 400 °C in a high pressure 
container, typically 300 – 500 atm. This synthesis route is particularly suited to forming 
fine, submicron powder, although the agglomerate characteristics can lead to lower 
green densities (but higher shrinkage and fired densities). While this process is useful 
for mass production the resultant powder is sensitive to the process parameters and the 
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stoichiometry can often lead to cubic phase BT at room temperature, unsuitable for PTC 
applications [66,67].  
2.3.3.2 Sol-gel 
Sol-gel uses titanyl acylate and barium acetate as the precursors to form a monolithic 
gel. During calcination this forms barium carbonate and titania rich phases which react 
at temperatures 900 – 1000 °C, similar to calcination in solid state synthesis, to form a 
fine homogenous BT, with particle sizes as small as 40 nm achievable. As well as this 
mechanism, during pyrolysis of the gel a non-crystalline solid is formed; a glassy BT 
phase. Sol-gel is best suited to the formation of thin films, such as for Multi-Layer 
Ceramic Capacitors (MLCCs) [66,67]. 
2.3.3.3 Co-precipitation synthesis 
Co-precipitation allows for very fine powder to be produced by dissolution of salts in 
deionised water or an alkaline solution. This allows for homogenously mixed precursor 
to be achieved faster than other processing routes, with a reliable homogenous 
distribution of dopants. Very high purity can be achieved with this process as no 
contaminants are introduced through milling. The dry sediment is calcined to form the 
doped BT, which can either be doping of previously synthesised BT or to synthesis BT by 
forming an oxalate from BT precursors [37,48,49,66]. Oxalate synthesis has a very 
reliable homogenously mixed resultant powder with corresponding good stoichiometry. 
Barium titanyl oxalate is synthesised from barium chloride and titanium chloride by 
reacting it with water and oxalic acid which is then calcined to form BT. This is a fine 
powder of cubic BT but with further heating can be reduced to stoichiometrically 
balanced tetragonal soft agglomerates, and is generally regarded as the best process for 
mass manufacturing of high quality BT, including nano-BT [67–69]. 
2.3.3.4 Solid state synthesis 
The solid state route can improve reproducibility for bulk barium titanate by reducing 
errors in weighting, since the precursor powders weigh significantly more than the final 
powder after loss of carbonates.  Oxide powders of titanium dioxide and barium 
carbonate are mixed by ball milling in a dry or wet state, but this can lead to 
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contamination from the milling media not present via other processing routes [66]. The 
flowchart for this is shown in Figure 2.3.3.i. Calcination is an important and sensitive 
step for this route to react the precursors together and ensure most carbonates are 
removed, although a very small residue typically remains with little detriment on the 
PTC behaviour of the final components, and will be discussed further in 2.3.4 
[42,45,49,50].  
 
Figure 2.3.3.i – Processing route for solid state synthesis [70] 
For solid state, Figure 2.3.3.ii shows the cumulative synthesis of BT from the precursors 
with temperature increase. While this process is deemed more reproducible for bulk BT, 
if the dopant particles are not fine enough they cannot be homogenously distributed 
during mixing in the very low quantities required for La/Mn doping, in contrast to 
dissolution in the co-precipitation route. Therefore solid state synthesis is less 
reproducible as a route for doping [49].  
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Figure 2.3.3.ii – BT formation during calcination in the solid state synthesis route [66] 
 
2.3.4 Calcination 
Calcination, sometimes referred to as pre-synthesis or pre-firing, is required to remove 
any carbonates, water of crystallisation, and to react the precursor oxides together so 
that during sintering no gas discharge or unwanted phase transition would occur leading 
to cracking, warping, unwanted phases and stoichiometric defects. If calcination was 
incomplete then the remaining partially calcined material can absorb water and crack. 
However, if the temperature was too high this results in the formation of significantly 
hard agglomerates that are detrimental to the use of the BT powder, requiring a greater 
sintering temperature also [66]. The BT phases present after calcination are shown in 
Figure 2.3.4.i; a room temperature cubic phase is found after calcination at 700 °C while 
higher calcination temperatures result in increasing fractions of tetragonal phase. At 
1100 °C both the fresh BT precursor material mix and the 700 °C calcined cubic BT can 
be calcined into a stable room temperature tetragonal phase BT, or calcined at 900 °C 
for a greater time [71]. 
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Figure 2.3.4.i – XRD peaks for the (002) and (200) diffraction peaks for calcination at 
a) 700 °C, b) 900 °C and c) 1100 °C for 3 hours each [71] 
For pre-synthesised BT, the calcination required to react the dopants into the already 
existing BT atomic lattice requires significantly less energy, and therefore can be 
achieved with lower temperatures and less dwell time, since there is also much less risk 
from the typical risks of improper calcination due to the very low levels of dopants 
introduced [49].    
2.3.4.1 Effect of calcination parameters 
Calcination of BT from barium carbonate and titanium dioxide begins above 400 °C [72] 
and continues until temperatures of around 1150 °C as seen in Figure 2.3.4.i and Figure 
2.3.3.ii. They show the rate at which calcination occurs at different temperatures – a 
rapid conversion to BT which then tails off following a typical log curve. While this shows 
that a higher temperature is more desirable for both time requirements for calcination 
and ensuring a complete conversion to BT, very high temperatures can produce hard 
agglomerates; an undesirable outcome for the production of fine powder. The particle 
sizes have an effect on the calcination rate – as finer particles allow for a much faster 
rate of calcination and therefore less time and a more complete calcination can occur 
[72].   
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Figure 2.3.4.ii – Calcination temperature on fraction formation of BT by time 
(negative time indicates heating regime) [72] 
 
2.3.5 Conventional manufacturing and forming 
2.3.5.1 Conventional manufacturing of PTC heaters 
PTCR heating elements are commonly manufactured via screen printing into pills, rods 
or disks (often referred to as PTC stones) [73] and sintered conventionally. These are 
then combined with metal fins to ensure heat transfer to the air, water or fuel by acting 
as heat sinks to the PTC stones heat output, together referred to as a pill and fin heater.  
Honeycomb heating elements are more complex geometries used for greater efficiency 
in space heaters – the porous structure allows airflow through the PTCR element itself, 
without the need for a heat sink. PTC honeycomb heating elements are manufactured 
by a high pressure extrusion system that utilises a high level of organic binder (>10 wt%) 
containing the green powder through a mesh or die [26,74,75]. However, the potential 
geometries are limited to the designs of the die/mould used and the tooling costs are 
substantial. Thus, there is a need for a manufacturing process with greater design 
freedom and cheaper tooling costs. 
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2.3.5.2 Conventional dry forming 
Conventional dry forming of ceramics is the formation of a dry powder into a green body 
for sintering without liquids, and with minimal use of binder. The typical die-pressing 
industrial route for ceramics involves the powder being poured into a metal die of the 
shape required, which is compacted by rams from either one or two opposing sides, and 
ejected as a compact green body. Pressures of <100 MPa are involved, due to time and 
quality constraints, to produce green bodies >50 %TD. Typical additives that are required 
for this process are binders for improved green strength and to prevent delamination, 
and lubricants to maintain smooth functioning of the rams in the dies and prevent 
springback of the powder. Isostatic pressing (isopressing) allows for a higher, more 
uniform pressure and can form a wider range and of geometries, operating up to 700 
MPa and achieving up to 75 %TD. However, this takes several minutes per component 
compared to several seconds for conventional die-pressing [76–78].  
2.3.5.3 Conventional wet forming 
Wet forming is the formation of ceramic green bodies with the use of ceramic slurries, 
typically aqueous. Slip casting is typically used for forming hollow components whereby 
the ceramic slurry, or slip, is poured into a porous mould which removes the moisture 
from the slurry, leaving behind a solid cast of the mould. This is a very cheap method 
but is slow and can lead to gradients and particle segregation. Pressure casting improves 
on this method with the application of several bar, which aids fluid infiltration of the 
mould and can give a 6x decrease in thickness. It further increases the green density and 
reduces the time required for drying, when used in combination with microwave drying. 
Tape casting is a widely used method for forming thin sheets of ceramic, most commonly 
used for the manufacturing of BT based Multi-Layer Ceramic Capacitors (MLCCs). This 
deposits multiple layers of slip, each flattened by a doctor blade. Due to the thinness of 
the layers, they dry in the air rather than with surface interfaces like mould infiltration 
in slip casting [76–78]. 
Wet forming with a high amount of non-aqueous additives can be referred to as plastic 
forming, but remains liquid based processes. These utilise a high amount of polymeric 
binders with the ceramic powder that allow it to deform plastically. Extrusion forming, 
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of which there are ram extrusion and screw extrusion, extrudes the plastic ceramic 
through a die, forming an extruded 2D geometry which can be cut depending on length. 
Ram extrusion pushes the material through a barrel prior to the die, but the material 
must be de-aired first, increasing production time. Screw extrusion de-airs and mixes 
the material during extrusion allowing for a more continuous production. This can also 
be combined with injection moulding, by extruding the ceramic into a mould rather than 
through a die, and, prior to AM, was the only method for forming complex ceramic parts 
in large quantities. This process utilises a binder melt that solidifies upon injection, 
unlike room temperature processing of extrusion [76–78].  
Cracking and sagging of the plastic material can be a problem in plastic forming, as can 
cracking during wet forming processes when drying is not adequate. Tearing of the 
material can occur where the material was in contact with the tooling. Often micro-
cracks can form which cause failure during binder burnout and sintering. The very high 
binder content used in plastic forming presents issues during the burnout process. 
Inconsistencies in pressure can lead to warping. The production of the green body can 
be fast, but the burnout and sintering must be carefully controlled at a slow rate to 
remove the high amount of binder used, and thus increases overall production time [76–
78].  
 
2.3.6 Organic additives for green forming 
As mentioned in 2.2.3.3 there can be a need for sintering aids, where typically adding an 
excess of 1 mol% of titanium during material formulation allows for an easy process, as 
it is merely taken into account in the initial weighting calculations and also enhances the 
electrical properties [49,52]. Other additives are also necessary for control and 
reproducibility during the green processing stage, but require burning out prior to 
sintering to remove any contamination and prevent any defects forming. 
2.3.6.1 Dispersants 
When in a suspension, ceramic particles will often aggregate or clump together 
preventing homogenous mixing and preventing good particle packing/loading of the 
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solvent. A dispersant separates the particles in suspension, as seen in Figure 2.3.6.i, 
homogenising the dispersion throughout, thereby enabling the solids loading within the 
solvent to be greatly increased while maintaining a lower viscosity. Separating the 
particles allows the other additives to work most effectively by allowing the binder to 
coat each particle and the viscofier to act homogenously throughout the solvent. 
Depending on the solvent and the ceramic, there is a large range of dispersants that can 
be used including various natural oils such as safflower oil and linseed oil, acids such as 
stearic acid and linoleic acid, and polyelectrolytes [79,80]. 
 
Figure 2.3.6.i – Diagram of aggregation of ceramic nanoparticles by dispersant 
concentration [81] 
BT can be colloidally dispersed in various organic and non-organic media such as oil and 
acetone. In water, polyelectrolytes are the most used dispersants for BT of which there 
are a range of brands of similar chemical compositions, such as Dispex and Darvan, 
which utilise variations on polyacrylates. This adsorbs onto the surface of the BT 
particles which provides a repulsive force against the other particles, as seen in Figure 
2.3.6.i. This dispersion has an optimum concentration of 2 – 3 wt% for any solids loading 
of BT, so the maximum limit of solids which can be dispersed is greatly increased. Above 
this there is no longer any discernible effect, while below this can be used to tailor the 
rheology through partial dispersion as seen in Figure 2.3.6.ii [80,82–84].  
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Figure 2.3.6.ii – Effect of dispersant concentration on viscosity [81] 
 
2.3.7 Binders/viscofiers 
Binder is required to hold the green body together with enough strength to be handled 
prior to sintering. While a green compact without binder can hold itself together, it will 
be very easily damaged without the additional strength given by binder and will typically 
be destroyed during standard green processing. Binder will also have effects on the 
rheology of the suspension, usually increasing the viscosity if it is soluble in the medium 
at all. While dispersants reduce the viscosity, amongst their other useful characteristics, 
sometimes a higher viscosity is desirable such as for screen printing and extrusion. 
Therefore a binder must be chosen which suits the green processing route that it is 
required for. Like dispersants, there is a large range of binders available for use and they 
are typically long chain polymers. Small chain polymers are sometimes used where a low 
viscosity suspension is vital, but this comes at the expense of dry green part strength, 
hence in these cases a blend is used to achieve a balance of viscosity and strength [85]. 
When a binder is also used for increasing the viscosity it is also referred to as a viscofier 
or plasticiser.  
Typical binders for use with ceramics include vinyls, such as polyvinyl alcohol, polyvinyl 
butyral and polyvinyl chloride, and acrylics, such as polyacrylate esters and polymethyl 
methacrylate. All of these binders are formed of polymeric chains, the lengths of which 
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can be chosen depending on the viscosity required for wet processing, where long chains 
increase the viscosity, and vice versa. The large range of binders all exhibit different 
behaviour regarding solubility, strength, glass transition temperature, and cost, as well 
as a consideration for by-products such as ash residue, which should form the basis for 
a selection [85,86]. 
2.3.7.1 HPMC 
Cellulose ether derivatives can be used for the primary purpose of viscofiers for BT 
suspensions which aim to a form a gel or paste with shear thinning behaviour. 
Hydroxypropyl methyl cellulose (HPMC) is a widely used cellulose viscofier for forming 
such pastes, ideal for extrusion. High molecular weight HPMC forms a gel in water at 
concentrations over 2 wt% while the amount required and the resultant rheology 
derived from this can be altered in accordance with the high solids loading [87,88]. The 
binder removal regime for HPMC is shown in Figure 2.3.7.i, where the temperature of 
greatest rate of burnout is taken as the dwell temperature during the heating cycle; in 
this case 350 °C.  
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Figure 2.3.7.i – Thermogravimetric analysis of HPMC at 50 °C/min heating rate [89] 
 
2.3.8 Conventional Sintering 
Conventional sintering of ceramics is achieved by the external application of heat, which 
is then held for several hours until significant densification has occurred, as shown in 
Figure 2.3.8.i. This temperature varies between different ceramics, although after 
reaching an activation energy sintering will occur at a rate dependent on the 
temperature, and the grain growth is associated with both the time and temperature 
this is done at. Conventional sintering, due to its long dwell time at the highest 
temperature, results in the largest grain sizes. Other techniques for sintering seek to 
minimise grain growth to improve properties [90,91]. 
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Figure 2.3.8.i – A simplified diagram of ceramic particles before (left) and the grains 
after (right) sintering [90] 
The mechanisms behind sintering are demonstrated in Figure 2.3.8.ii. The growth of 
grain boundaries into the pores to reduce surface free energy is the root basis behind 
densification. Only the mechanisms that affect grain boundaries cause densification. The 
rate of densification is tied to the rate of the slowing diffusing ionic species along the 
fastest diffusion route. The matter transport that does not lead to densification (surface 
& lattice surface diffusion, and vapour transport) only leads to neck growth between the 
particle surfaces and effectively reduces the rate of densification by reducing the neck 
surface’s curvature.  Typically, grain growth occurs along with densification, however, 
densification can occur with little to no grain growth when the overall energy within the 
system is reduced (either by time or temperature) [90,92].  
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Figure 2.3.8.ii – Mechanisms that contribute to sintering – 1-3 cause necking  only 
while 4-6 cause necking and lead to densification [90] 
Two stage sintering modifies conventional sintering to reduce the grain growth, whilst 
maintaining densification by achieving the activation temperature to initiate grain 
boundary diffusion, and then reducing the temperature to hold at a minimum value. 
Once 70% density has been achieved, grain boundary migration can still occur as it has 
a lower activation energy as two dimensional rather than the three dimensional 
structure between three grains, effectively restraining the joints and denying growth. 
However, grain growth still occurs in the first step [90,93,94]. 
2.3.8.1 Grain growth in Barium Titanate 
BT tends to undergo liquid phase sintering. This is because the eutectic at which liquid 
BT can form in BaTiO3-Ba6Ti17O40 occurs at a relatively low 1332 °C, as seen in Figure 
2.3.8.iv, so the temperatures required for significant densification through solid state 
sintering surpass this barrier at which liquid phase sintering begins. With trace 
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impurities, the lowest liquid phase can be reduced as low as 1250 °C [95] and includes 
dopants used for PTC. An excess of titanium dioxide, typically used as a sintering aid and 
to enhance electrical properties, also leads to significant increase in grain size above this 
eutectic temperature as seen in Figure 2.3.8.iii, while sintering aids that can reduce the 
lowest eutectic in the system can reduce the onset temperature and further stabilise 
the grain size [52]. 
 
Figure 2.3.8.iii – Grain size after 2 hours sintering at a given temperature for La 
doped BT where No.1 is 1 mol% excess barium, No.2 is stoichiometric, No.3 is 1 mol% 
excess titanium and No.4 is 1 mol% excess titanium with 5 mol% sintering aid 
(alumina silica titanate) [52] 
With an increase in dopant concentration, the proportion of liquid phase involved in 
sintering increases, which stifles grain growth and leads to a decrease in grain size 
correlating with increase in La content. Long platelet like grains are formed by solid state 
sintering along {111} of pure BT, above 1250 °C sintering but below the onset of liquid 
phase as seen in Figure 2.3.8.iv, which leads to insufficient densification due to the low 
temperature. Some impurities/dopants can act as catalysts that begin reactive liquid 
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sintering, and leads to a bimodal grain structure, where there are large grains >10 µm 
and small grains <2 µm that form [96].  
 
Figure 2.3.8.iv – BaTiO3–TiO2 phase diagram displaying how a eutectic can form 
locally with excess TiO2 leading to liquid phase sintering [97] reproduced from [98]  
Grains are ordered structured lattices, where the grain boundaries between lattices 
tend to act as a sink for impurities and for defects such as vacancies and broken chemical 
bonds which gives them greater energy and drives grain growth. Rough grain boundaries 
lead to more equal grains, while faceted grain boundaries lead to greater likelihood of 
the abnormal structures like bimodal and platelets due to the non-linear driving force of 
the facets. The energy of the grain boundaries requires a critical energy to overcome to 
become a defect sink and enhance densification [99,100]. Figure 2.3.8.v shows the 
abnormal grain growth that can occur displaying platelet {111} twin lamellae and a small 
amount of bimodal large grains. This effect caused by impurities or intentional dopants 
results from quantities as low as 0.1 mol% [101].  
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Figure 2.3.8.v – Abnormal grain growth in BT caused by excess TiO2 sintered at 1250 
°C for 10 hours [101] 
 
2.3.8.2 Effect of sintering rates on PTCR 
In La doped BT the grain size increases gradually with sintering time, as is common 
amongst other ceramics, but the PTCR effect is very sensitive to the cooling rate from 
sintering. As seen in Figure 2.3.8.vi, the conductivity of the material is changed 
significantly at room temperature which affects the overall PTC effect. This is because 
during cooling, vacancies formed during sintering begin to reoxidise at higher 
temperatures leading to an increase in the insulating layer at the grain boundaries [52]. 
Conversely, annealing at 150 °C below the sintering temperature can enhance the 
dielectric properties, and thus the PTC effect, by reducing internal stress within the 
material caused by cooling homogenising the material’s response to an electric field, 
which at extremes can otherwise cause the PTC heating element to fracture upon use 
through differences in thermal expansion [66]. 
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Figure 2.3.8.vi – PTC of stoichiometric La doped BT after 2 hours sintering at 1350 °C 
with different cooling rates [52] 
 
2.3.9 Alternative sintering methods 
2.3.9.1 Microwave assisted/hybrid sintering 
Microwave sintering (MS) is the application of electromagnetic energy between 300MHz 
and 300 GHz rather than thermal conduction and infrared energy to heat the material. 
MS only works on dielectric materials, as it functions by oscillating the polar molecules 
in the material in the alternating electric field created by the microwaves, as shown in 
Figure 2.3.9.i. This oscillation leads to friction and heat in the material. Ionic resistivity is 
also a cause for heating as ions that sit in the lattice are also affected by this field.  
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Figure 2.3.9.i – Diagram of how microwaves cause oscillation of polarisable 
molecules [102] 
Grain boundaries are up to 30 times more susceptible to microwave heating effects due 
to the switch in lattice alignments between grains. Since densification depends on 
diffusion at the grain boundary, this greatly increases the sintering rate. However, the 
increase in temperature at the grain boundary can lead to thermal runaway as the 
process is self-sustaining, and this can lead to areas of uneven temperature within the 
sample, although regulation of the energy input can control this [91,93]. 
2.3.9.2 Hybrid Sintering 
Hybrid sintering is the application of microwave heating and conventional heating 
together. The reason for doing so is shown in Figure 2.3.9.ii; it creates a much more even 
heating profile in the sample and therefore a homogenous grain structure across the 
sample. 
 
Figure 2.3.9.ii - Temperature in the sample during (a) conventional sintering, (b) pure 
microwave sintering and (c) hybrid sintering [91] 
As conventional heats from the outside of the sample inwards, and microwave heats the 
bulk of the sample outwards, these two processes combine to evenly sinter the sample. 
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The conventional heating is typically to a lower temperature than pure conventional 
sintering, with microwave power applied near and during the maximum temperature. 
The time and therefore energy savings associated with this method compared to 
conventional are shown in Figure 2.3.9.iii. Hybrid also avoids the thermal shock that can 
sometimes occur in pure microwave from rapid heterogeneous heating in the sample 
[91]. 
 
Figure 2.3.9.iii - Conventional, two-stage and hybrid sintering typical heating 
schedules [93] 
 
2.3.9.3 Flash sintering 
Flash sintering is the direct application of an electric field to a sample undergoing 
conventional heating. The sample undergoes a power surge and densifies within 
seconds when at a critical threshold temperature, which happens at a much lower 
external input temperature than sintering by conventional or hybrid means. This can be 
seen in Figure 2.3.9.iv – the densification happens along with the spike in current, which 
must be limited to prevent runaway. A threshold electric field density must be reached 
for this to occur, and this varies between materials [103,104]. This is theorised to occur 
due to joule heating [105]. The instigation of semiconductor behaviour at the threshold 
temperature flips the ionic conduction in the sample to electronic conduction. A 
runaway of Frenkel pairs by joule heating causes rapid mass transport of ions to the 
pores [105]. 
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Figure 2.3.9.iv - Power dissipation and shrinkage during flash sintering of 50ATZ 
[104] 
Since flash sintering occurs within seconds at low temperature, there is no time for grain 
growth to occur leading to very fine grain structures. This is ideal for nanoceramics as 
the grains formed are roughly the size of the aggregate particles, though with greater 
power density and increased time, even seconds, there is more grain growth [106,107]. 
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2.4 Additive Manufacturing 
2.4.1 Background to additive manufacturing 
Additive Manufacturing was developed in the mid-late 1980s under the initial term 
Rapid Prototyping (RP), as industrial focus shifted from product results to  process 
efficiency as developing computer technology allowed [108]. Computer Aided Design 
(CAD) software allowed the prototyping process, which in the  automobile industry 
previously took months, to now be done in weeks and with reduced cost. Since parts for 
prototypes would be only be one of a kind, or just a handful of a kind, it would be very 
expensive to build the machinery and tooling to create these parts conventionally. 
Therefore all parts were made by hand, which was the cheapest option at the time. Two 
dimensional drawings would become hand-cut wooden formers, around which hand 
crafted wooden panels would be fitted with jigs and fixtures to modify the assembly 
[109,110]. Prototyping the interior parts, for example a steering lock bezel, would be 
one casting that took 8 weeks to make and cost £15,000. With quickcasting from RP a 
single cast costs £750, and 8 could be produced in 8 weeks. Other pieces could be 
fabricated via Stereolithography (SLA) as a casting shell to reduce casting time [108–
110]. 
With RP however, the design cycle time between prototype iterations could be cut in 
half, allowing for more flexible decisions on whether to utilize this advantage for overall 
time saving or improved part design via greater number of iterations [111]. 75% of 
prototype parts can now be made with various AM technologies. The cost savings overall 
for prototype design are 60 – 70% with time-to-market savings of 80 – 90% in 
comparison [112]. The beginnings in the automotive industry of Rapid Prototyping in the 
1980s were the birth of Additive Manufacturing techniques that have continued to 
expand not only into other industries but have also formed into a diverse range of 
additive processes. With increasing computing power since then, the software available 
to utilise these Computer Numerically Controlled (CNC) manufacturing machines has 
driven the progress and expansions of AM [109,111]. Consumer end low cost polymer 
3D printing is already forming a decentralised industrial base, allowing consumers 
anywhere in the world to order a digital design fabricated in their own home or by any 
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nearby local participating FDM users. This raises problems with intellectual property - 
unregulated dissemination of CAD designs, security - 3D printed guns and responsibility 
– if a person is injured by a printed item, the liabilities are more vague than with a store 
bought item [9,10]. 
Under the ASTM-F2792 industry standard definition for Additive Manufacturing (AM), 
where it is defined as a process of joining materials layer by layer to make objects from 
3D model data [10,113], there are seven process families. These are vat 
photopolymerisation, powder bed fusion, binder jetting, material jetting, directed 
energy deposition, sheet lamination and material extrusion [10,113]. AM uses a range 
of raw materials depending on the process, as demonstrated in Figure 2.4.1.i.  
 
Figure 2.4.1.i – A tree diagram demonstrating the various material processing 
methods [8] 
 
2.4.2 Advantages and disadvantages of additive manufacturing over 
conventional manufacturing and their applicability to ceramics 
AM offers greater geometric complexity compared to conventional manufacturing and 
high cost effectiveness for low volumes. These are the fundamental advantages that 
propelled AM’s popularity. Figure 2.4.2.i demonstrates this. Conventional 
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manufacturing requires initial tooling costs to be offset by a high number of units, and 
the more complex a design is needed the more steps required to achieve it which 
increases the cost. Therefore, typically AM becomes the economical choice for low 
numbers of unique units such as for biomedical use, and for any number of high 
complexity parts, such as light weighting for aerospace [109,114,115]. 
 
Figure 2.4.2.i - Production volumes and complexity for AM vs conventional 
manufacturing [114,116] 
Biomedical applications typically require parts customised to the individual as every 
problem in every human body is unique. 3D scanning technology can scan the area 
required, a design made to fit it, then this is manufactured in a fraction of time and at 
fraction of cost compared to conventional methods. Applications range from hearing 
devices and bone implants to surgical simulation models and dentistry [9,117,118]. Not 
only does AM cut down on material waste by depositing only where required, designs 
can have their topology optimised as shown in Figure 2.4.2.ii to further reduce the 
material used to only where it is structurally required. These complex geometries are 
extremely expensive and difficult, if not impossible, to manufacture conventionally. AM 
therefore offers a significant advantage in light weighting functional components [119–
121]. 
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Figure 2.4.2.ii - Solid Isotropic Microstructure with Penalisation (SIMP) algorithm 
(left) optimisation of cantilever (right) [122] 
Currently the material range compatible with AM processes is limited, although this is 
expanding. The materials available have also been expensive, although with the market 
expansion of AM and increasing demand, these costs are decreasing [114]. The 
resolution and surface finish of parts is not as good comparably to conventional 
manufacturing in many applications, although this is also improving in most AM areas 
[118]. AM takes the same time and cost to fabricate one unit regardless of the total units 
fabricated; whilst this is an advantage at low unit volumes, it cannot be scaled 
economically for mass production unless it provides other aforementioned advantages 
over conventional manufacturing for particular components. It takes hours to days to 
fabricate one AM unit by almost any AM process, and most have post processing steps, 
further adding to the total time. For low-end components, this is a major disadvantage 
compared to conventional manufacturing [109,111,118]. 
 
2.4.3 Vat Photopolymerisation 
Vat Photopolymerisation (VP) is the descriptive term for the process where liquid 
photopolymer in a vat is selectively cured by light activated polymerisation to form a 
three dimensional structure. VP builds on the method of photolithography whereby light 
is filtered selectively (using a photomask) into a desired geometric pattern onto a 
photoresist, light sensitive chemical as shown in Figure 2.4.3.i. This process is widely 
used for advanced two dimensional components and can achieve high precision, down 
to nanometres – it is used primarily for electronics such as circuit boards, 
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semiconductors, LCDs and MEMS [109–111,123]. VP therefore allows for the highest 
resolution of any of the AM families.  
 
Figure 2.4.3.i - Diagram of Stereolithography [124] 
The most common form of this is Stereolithography (SLA), one of the earliest forms of 
AM, it was patented in 1986 [110] and the first commercial machine launched in 1988 
by 3D Systems Corporation. This original process used a 350 nm Ultraviolet laser which 
scans the top surface of the liquid; with each layer the platform moves down to allow 
more liquid at the surface after recoating to be polymerised by the laser [110,125]. The 
use of a laser on liquid resin allows for high resolution but the layer thickness is restricted 
by the viscosity which in turn affects the surface quality of the part. A bottom up 
projection based SLA polymerises the entire layer at once at the bottom of the vat, then 
the platform is moved up for the next layer. The Digital Light Projector uses micro-
mirrors for each pixel in an off/on setting. This allows cheap LED bulbs to be used instead 
of a laser, which can also produce ultrathin layers although at a lower resolution than 
the top down SLA. The current layer may also adhere to the bottom of the vat, which 
damages the part [110,117,125].  
2.4.3.1  Advantages and Disadvantages 
A second stage is needed to fully cure the part after fabrication although support 
structures are easier to remove while uncured. The resins used are often toxic, 
expensive (  ̴£130/kg [118]) and the cured parts degrade over time – good applications 
that are not affected by this include using SLA for investment casting and moulds for slip 
casting. The equipment, like the material, is expensive but the energy usage is low in 
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comparison to thermal AM processes. The resolution has a feature size down to 100µm 
and a minimal layer depth of 25µm leading to an overall finish similar to that of injection 
moulding. Unlike some AM processes, VP can have large build volumes. While complex 
parts can be made with supports, drainage must be allowed for – there can be no sealed 
hollow areas in the build [109,110,118].  
2.4.3.2  Use of VP to fabricate ceramics 
VP can produce ceramic green components directly, although it is also used indirectly to 
make moulds for slip casting [12,126,127]. Both processes have a separate sintering step 
after green part formation. The direct approach has a heating step before sintering to 
fully cure the binding polymer matrix after removal from the vat, as per normal VP for 
polymers. Problems with SLA for ceramics include distortion of the cured green part, a 
low vol% of ceramic in the photo-sensitive monomer liquid is needed to ensure 
polymerisation and therefore only a density of   ̴90% can be achieved. Although this still 
leads to greater mechanical properties than powder based AM processes 
[13,126,128,129].  
The precision available with stereolithography is greater than that of any other form of 
additive manufacturing. Through a process known as two-photon lithography or 
projection micro-stereolithography, hollow rigid lattice structures of alumina with 
resolution down to 150nm can be produced with much higher weight to strength ratios 
than the bulk material (1-2 orders of magnitude) [129,130]. This process uses 
femtosecond laser pulses to create highly localised reactions, the resultant alumina 
lattice structures are shown in Figure 2.4.3.ii. 
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Figure 2.4.3.ii - Alumina micro-lattices fabricated via two-photon lithography [129] 
VP has the most additive manufacturing machines commercially available for ceramic 
3D printing of any AM process. Commercially available materials include alumina, 
zirconia, and hydroxyapatite, while further materials are being developed 
[10,111,118,129]. BT based piezoceramics have been fabricated by VP with feature sizes 
of <1 mm and density of 95 %TD [131]. 
 
2.4.4 Material Jetting 
Material jetting (MJ) is closely related to ink jetting; a 2D process by which ink droplets 
are deposited on paper from a digital template, a technology that emerged on the 
consumer market at the same time the first AM processes were being developed. This 
process requires the material jetted to have ‘jettability’ – it must form consistent 
droplets without satellite droplets and must not splash or bounce upon deposition. The 
droplets must not dry out before impact yet solidify quickly on the surface with 
adequate wettability. The print needs to be cured either with heat for thermoset, 
cooling after hot jetting for thermoplastics or UV curing for photosensitive polymers. 
Multiple printheads with different materials allow for multi-material processing, 
although only of polymers [9,109,117,132,133]. 
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2.4.4.1 Advantages and Disadvantages 
Only polymers and waxes fit this range of required properties, and while some loading 
of metals and ceramics can be done, results are of a lower standard compared to other 
AM methods. Due to the use of multiple printheads MJ is the best AM process for 
controlling multi-material gradient of polymers, allowing for a range of mechanical 
properties, colours and dissolvable supports within the same build. The resolution of 
this process is in the order of tens of microns [109,112,117].  
2.4.4.2 Use of MJ to fabricate ceramics 
There is little macro-application of MJ to ceramics, as the process requires a low viscosity 
ink to function but loading with ceramic particles alters the jettability of the ink. Particles 
smaller than 1µm must be used to avoid clogging the printhead during use, which still 
occurs between uses as the ink dries. There has been little work on ceramic applications, 
however recently there has been work on of fabrication of two dimensional fully graded 
ceramic structures (alumina and zirconia) several millimetres wide with a density of up 
to 97% [126,134]. 
 
2.4.5 Powder Bed Fusion 
Selective Laser Sintering (SLS) was patented in 1989 as the first powder bed fusion (PBF) 
technique, and is demonstrated in Figure 2.4.5.i. It is a process that uses thermal energy, 
applied by any thermal heat source; lasers, electron beams, which selectively fuses 
together regions of a powder bed layer by layer [9,109,111,118]. There are three 
different powder bed fusion processes – sintering, melting (SLM) and binder sintering. 
Sintering involves the heating of particles to until they neck and sinter in a localised area. 
Melting involves the heating of the particles by a greater energy input into a melt pool 
followed by rapid cooling into a fused structure. Binder sintering is polymer coated 
metallic or ceramic powder where only this coating is affected by the process. 
Depending on the thermal power input and composition the coating melts or sinters to 
surrounding particles, binding them together. This creates a highly porous part, which 
must be heated for binder removal and infiltrated with a lower temperature alloy for 
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metals or more ceramic slurry for ceramic parts to complete the process 
[9,111,112,118,135,136].  For all three processes, an enclosed build area must be 
maintained with an inert atmosphere to prevent oxidation and the risk of explosion, and 
to keep a heated build volume to reduce cooling stresses post sintering/melting [109].  
 
Figure 2.4.5.i - Schematic of SLS system [137] 
 
2.4.5.1  Advantages and Disadvantages 
For the sintering methods, the resultant parts have similar properties to those formed 
by injection moulding, albeit with a rougher finish. The most complex parts can be made 
without any support structures as the powder bed is self-supporting [12,126,127,138].  
Trapped volumes are less of a problem than in VP because the material is not toxic and 
can be left, although mostly enclosed volumes can be difficult to clean in the powder 
removal process. Unsintered powder can be recycled and reused for later builds, leading 
to very low material wastage. However, due to rapid cooling stresses and distortion may 
occur in the build, and the cooling of the entire build volume after the build is complete 
adds hours onto the build time [139]. 
For SLM, the powder bed does not function as a support and so supports must be 
included in the design, which since the build is all one single finished material is more 
difficult to remove than in other AM processes. As with SLS, maintaining an inert 
atmosphere and heated build volume requires greater energy use, and a more powerful 
laser is also required for melting compared to sintering. The powder can be recycled as 
in SLS. 80 – 98% dense [135] metal parts can be achieved with this method with no 
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additives required in the metal powder. SLM is the most widely used AM process for 
metals such as stainless steel, aluminium and titanium as it allows for bespoke complex 
geometries of common engineering metals to a higher standard than any other AM 
process [136]. 
2.4.5.2  Use of PBF to fabricate ceramics 
The resolution and roughness of the body depends on the particle size of the powder 
and the diameter of the laser beam applied [139]. A major problem with the applications 
of this to ceramic is the high degree of control required for the local laser sintering of 
the non-uniform powder sizes to achieve a uniform sintering [13].  
 
2.4.6 Binder Jetting 
Binder jetting (BJ) is a powder bed process, similar to the process of binder sintering in 
powder bed fusion. However, rather than a powder pre-coated with binder being 
selectively sintered by directed energy, the binder is selectively deposited via ink jetting 
onto the powder bed. This process is the 2nd highest selling of the AM processes [9]. 
Using ink jetting combined with a powder bed, it is able to make complex, unfinished 
parts faster than any other AM process. Due to multi-material and gradient aspect of 
jetting, the binder can be imbued with pigment to selectively colour the part – allowing 
for a wider use of colours than in any other process making it ideal for design models 
(only really with starch and plaster as the material) [8,115,118,138]. The green parts 
created are very porous and weak and post processing steps are vital. Infiltration by a 
resin or wax strengthens the part, and for metal parts a sintering step to remove the 
binder must be completed also. Binder jetting is also used for plaster casting moulds 
[9,109,111,118].  
2.4.6.1 Advantages and Disadvantages 
The process is cheap, simpler than other AM processes and much faster than binder 
sintering (and other processes) due to jetting. As a powder bed process, the most 
complex geometries can be created with no need for supports. However, multiple post 
processing steps are required, there is very limited functionality and strength even with 
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these steps, and it produces poor resolution and surface finish. Metal powder can be 
used with an infiltration step, although the functionality is not comparable to that from 
powder bed fusion processes, and requires the infiltrate to be of a secondary metal with 
a lower melting point [9,109,111,118]. 
2.4.6.2 Use of BJ to fabricate ceramics 
Binder jetting is a less energy intensive alternative that avoids the laser based problems 
but still results in a poor finished green part. These processes only achieve a very low 
sintered density of   ̴65% [13,139], but when combined with an infiltration step and 
warm isostatic pressing of the green bodies, the sintered densities (from BJ) increase to 
88 – 98 %. However, this reduces the complexity of the geometries able to endure the 
pressing, negating the main advantage of BJ [140]. Despite this, BJ is gaining more 
commercial credibility for ceramics, with developments underway to release ceramic-
focused machines [141] and the proven use of BJ to fabricate cranial implants of 
hydroxyapatite bone replacement material [142]. Undoped BT has been successfully 
fabricated by BJ, with sintering undertaken at 1400 °C for 4 hours the density greater 
than 65 %TD was not achieved [143]. 
 
2.4.7 Laminate Object Manufacture 
Laminate Object Manufacture (LOM), also known as Sheet Lamination, is an early AM 
process from the late 1980s. It was outcompeted in the commercial sector by other 
forms of AM, although in recent years has had a revival as all areas of AM have surged 
in use both academically and industrially [144]. A wide range of materials can be used in 
LOM, some uniquely such as paper, and there are several methods of fabrication. Sheets 
of material are laid down with a bonding agent and compressed together by a roller. 
This top layer is then cut, by a knife or laser, and the unused material sectioned for later 
removal. 
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Figure 2.4.7.i - LOM printer diagram [145] 
 
2.4.7.1 Advantages and Disadvantages 
Paper as a material gives the consistency of wood and is easily painted, an advantage 
sought after where a primary solution is a multi-coloured model with little need of 
functional properties, made non-toxically on a desktop machine. Polymer and metal 
sheets can also be used as a material, although these also are less functional than 
fabrication by other AM processes as the layers are merely bonded together. The 
process is highly wasteful as the entire build volume is filled with the adhered sheets 
and cannot be reused, and the profiling method leads to poor surface tolerances and 
finishes. Although self-supporting, geometries that are fabricated cannot be as complex 
as those fabricated by other AM processes, as semi-enclosed volumes cannot be made 
as the material cannot be removed. The removal of the excess material is a time 
consuming process and often damages the part via delamination. However, it is simple 
to set up and use, both machine and materials are cheap, and it can be scaled up in an 
office environment. No atmospheric or temperature control is needed and the process 
is non-toxic, and can be paused and resumed at any time without causing errors in the 
build. The build itself is faster than other AM processes as only the profile is cut, 
compared to the entire cross section on others, although this speed is negated 
somewhat by the support removal necessitated by hand [9,109–112].  
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2.4.7.2 Use of LOM to fabricate ceramics 
Green sheets of ceramic can be used, although temperature control is required and the 
final sizes of the parts cannot be scaled as large as for other materials (nominally less 
than 0.5 x 0.5 x 0.8 m) [12], and the waste is removed in situ so it cannot be used for 
support, leading to only self-supporting geometries possible for fabrication. It is most 
useful for manufacturing of layered composite parts that need layers of ceramic, or for 
creating ceramic shapes that require internal channels and electronics. Density of 
sintered parts up to 99% has been achieved [12,144,146,147].  
3D Screen printing of   ̴80 wt% loaded paste in a layer by layer fashion is possible, 
however for every layer of every design a mesh matching the cross section must be 
created, meaning only simple shapes can be formed compared to other AM processes. 
The process is shown in Figure 2.4.7.ii. This is not a true AM process by industry 
standards (ASTM F2792) as it is not created from 3D model data, although it is an 
additive process most similar to LOM. Resolution is dependent on mesh size and 
rheological characteristics for shape retention [148]. 
 
Figure 2.4.7.ii - Diagram of the Screen Printing Process [148] 
 
2.4.8 Directed Energy Depostion 
Known under many names including Laser Cladding, Laser Welding, Laser Freeform 
Fabrication and Laser Engineered Net Shaping, Directed Energy Deposition (DED) is a 
process using laser beams, or other sources of energy such as electron beams or plasma 
arcs, along with a directed material supply to directly fabricate parts where required. 
The feedstock, either powder or wire, is delivered directly into the melt pool. While this 
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is still a layer by layer process, the deposition is by rasterising of the point of energy in 
up to a 5-axis system. This means as well as X, Y and Z there is also tilt and rotation of 
the part. This process is used predominantly for metals [109,111,114,118].  
A controlled inert atmosphere is required to prevent oxidation during the process, either 
in a sealed box or more usually with a sheath gas, typically argon. If a sheath gas is used 
its compression effects on the powder stream must be accounted for. Due to the 
extreme cooling rates immediately after the material is deposited an incredibly fine 
microstructure develops and very high hardness is achieved; higher than by possible by 
wrought methods [109,111,118,135,136]. A single nozzle is cheap but slow in its 
deposition rate compared to a co-axial 4 nozzle system, based at 90 ° from each other, 
alloying for multi material deposition.  
 
Figure 2.4.8.i – Diagram of a co-axial nozzle directed energy deposition [118] 
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2.4.8.1 Advantages and Disadvantages 
Metal and ceramic are widely available as powdered material although there is <100% 
capture efficiency of the powder in the melt pool. It is a very versatile feedstock 
compared to wire-fed which has total capture efficiency but a higher porosity and 
greater difficulty in achieving complex geometries [111,118]. A large feature size of 1 – 
5 mm in X/Y and 0.1 – 1.5 mm in Z lead to a rough finish that requires post processing 
to grind it down, hence it is near net shape. While this is not ideal, it can be used for 
repair of functional metal parts, such as turbine blades, due to the excellent mechanical 
properties imbued from this process and being the most dimensionally flexible 
deposition method [136]. While it cannot produce as complex parts from scratch as 
powder bed processes due to the need for the build to be self-supporting, it can be used 
to add and improve on existing components; its biggest advantage over any other AM. 
4 nozzle systems can deposit alloys in a range of quantities and this method is currently 
employed in research for new alloys and advanced materials for demanding 
applications; the system creates very homogenous mixes. This also allows great control 
for graduated composition   Wire fed electron beam processes are being developed for 
space based applications due to working highly efficiently in a vacuum 
[109,111,118,135,136].  
2.4.8.2 Use of DED to fabricate ceramics 
This process is very difficult for ceramics as the definitive aspect is controlled material 
addition in a laser melt pool, but ceramics have far higher melt temperatures than most 
metals, and are much more susceptible to the thermal shock inherent in the process. 
Few ceramics are able to be melted by the laser system and those that are crack under 
the thermal stresses during the extremely rapid cooling. However, metal-ceramic 
composite ceramics can be created where the ceramic is a minor component in the 
metal matrix [118]. 
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2.4.9 Material Extrusion 
Three different methods of extrusion can be used in additive manufacturing by material 
extrusion, with schematics shown in Figure 2.4.9.i. The most common variant, FDM 
which is the filament based method, is the largest market of home business and personal 
3D printers making up 95% of the market due to its low machine cost, low material cost 
and low maintenance in comparison with other AM processes. FDM uses a pinch 
mechanism to selectively feed a polymer wire through a heated nozzle which melts it 
upon deposition. The polymer is most commonly PLA or ABS but a greater range of 
engineering polymers are now commercially available such as high temperature PEEK 
[149]. Inorganic filler is also possible with FDM for both metals, ceramics and other 
decorative materials, but the results for engineering applications are not comparable 
with other AM processes for those materials. The plunger based extrusion system 
utilises a liquid material that selectively pushes the feedstock through the nozzle via 
selective application of pressure. This works through two methods, either extruding a 
melt which solidifies on deposition and cooling like the filament approach, or extruding 
using a paste which is often referred to as robocasting [150–152]. As this method used 
a miniaturised version of conventional extrusion methods mounted into AM equipment, 
micro-extrusion is a term used for this, interchangeable with robocasting, where the 
nozzle diameter and therefore feature sizes of the extruded prints are <1 mm [153–156]. 
This can be aided by use of a screw mechanism for more accurate deposition where the 
material form used is the same as for the plunger. This can use pastes like the plunger 
method or pellets which melt under the friction of the screw in a miniature version of 
conventional screw driven extruders, although this is only used for thermoplastic 
materials [157].  
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Figure 2.4.9.i – Graphic of the alternate kinds of additive extrusion processes [157] 
The first material extrusion process, defined as material selectively extruded through a 
nozzle, was first patented in 1990 as Fused Deposition Modelling (FDM) which is now a 
highly commercialised AM process. It is also less commonly known as Fused Filament 
Fabrication (FFF) and extrusion freeforming, after the alternative name for additive 
manufacturing of Solid Freeform Fabrication (SFF). Since this process is in air it requires 
a support structure for non-self-supporting designs, however this is a very well 
established aspect of material extrusion. In the cheaper equipment the supports made 
out of the same material as the bulk have the processing parameters altered to make it 
much weaker and easy to physically remove, albeit with a rougher surface finish. On the 
high quality machines there can be an extra extruder head for a sacrificial polymer that 
can be dissolved post process, seen in Figure 2.4.9.ii [109,111,118]. Recently, there have 
developments to make non-polymeric support material for use with extrusion of 
ceramics. Graphite loaded aqueous paste has been used as a removable support 
material that has physico-chemical compatibility with ceramics that is completely 
burned away at 800 °C [150]. 
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Figure 2.4.9.ii - Dual Extruder FDM diagram [158] 
 
2.4.9.1 Advantages and Disadvantages 
This is a very cheap and versatile AM process. The relatively simple operation of FDM 
not only keeps the cost low but allows for modification and retrofitting, without the 
need for highly specialised tools. The polymers available, PLA and ABS, exhibit good 
mechanical properties after fabrication by this process method – comparable to that of 
engineering polymers. It does not use toxic chemicals and with the exception of the 
heated nozzle has no hazardous components. High end equipment can have enclosed 
build volumes with a controlled temperature but this is just as safe. While the surface 
finish is not very good regardless of resolution, it can be chemically smoothed However, 
the process is slow, and typically is slower the higher the quality [9,109,111,118].  
2.4.9.2 Use of ME to fabricate ceramics 
Micro-extrusion, also known as robocasting, is an extrusion process for pastes where 
the nozzle is of hundreds of microns or less in diameter. The paste is extruded which 
solidifies into a green body upon drying. The paste needs to have defined rheological 
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properties and is different for each different method used, as well as for each material; 
it needs to be viscous enough to retain its shape upon extrusion but not too viscous that 
it does not flow smoothly from the nozzle. There are several processes that make this 
happen; the key difference between the processes is the approach [12,126]. For best 
results for ceramic paste, a high loading paste is needed (>70 wt% ceramic) since this 
creates greater density, less distortion through better drying, and less porosity [159–
163]. 
ME has good resolution for ceramics, compared to its more widespread use for 
polymers; the possibilities of which extend to a fine resolution of down to 20 µm which 
allows for high geometric accuracy. It consists of paste being extruded through a nozzle 
which then either has viscoelastic consistency or is dried in situ to retain shape. Using a 
high loading paste to achieve greater densities more complex geometries on the micro-
scale can be produced as the extrusion retains shape [126,139,159–165]. No work has 
been done on the use of micro-extrusion for the manufacturing of PTC ceramics, 
although micro-extrusion of PTC linear filaments through a static, non-additive process 
has been investigated [166]. As a subset of extrusion freeforming with the use of high 
loaded paste, ME has shown ability to create geometries with a uniform high density 
[159–165]. This needs to be investigated more to determine the ability of forming paste 
into geometries via micro-extrusion and the resulting properties of the part. Metal 
loaded paste can be extruded from a separate nozzle in the process to allow selective 
deposition of multiple pastes, such as a ceramic and metal.   
ME of ceramics has been undertaken for a huge range of ceramic materials in recent 
years, mostly with their own different additive system, and investigating a range of 
solvents [167], including alumina [152], silicon carbide [168], MgO doped alumina [151], 
zirconia [169], and dozens of others [167]. Robocasting of undoped BT has been 
investigated before (in this case referred to as direct ink writing), achieving components 
91 %TD [87] but no literature exists on ME, or any additive manufacturing process, on 
PTC material and for the fabrication of PTC heaters [170].  
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2.5 Rheology for material extrusion 
2.5.1 Role of solvents 
Rheology is the term for the flow behaviour and deformation of all materials, though is 
most useful for materials that demonstrate liquid flow behaviour. It can apply to flow 
behaviour of powder but is mostly used only for liquids. Unlike polymers, ceramics 
cannot be processed in their raw liquid form due to the extremely high temperatures 
required. Therefore where a liquid medium is needed the ceramic in powder form is 
loaded into a solvent. The solvent is a liquid medium in which the ceramic particles are 
suspended. 
2.5.1.1 Role of organic solvents 
Polymeric resins have been loaded with ceramic particles for use with SLA. For SLA these 
are typically UV-curable which form a solid upon exposure to ultra-violet light. 
Thermoplastic polymers can also be loaded with ceramic for other AM processes such 
as material extrusion. These are melted for deposition and then cool in a reversible 
process. Polymer can’t be loaded highly with ceramics without significantly increasing 
the viscosity above 20 vol% filler, typically the vol% is 45 – 65 vol% ceramic in 
thermoplastic [157]. As the burnout of this significant amount of polymer can lead to 
detrimental effects on the sintered part, recent research has investigated methods to 
reduce the effects. A two part polymer blend of soluble polymer that can be washed 
away after extrusion removes a significant amount of polymer before burning out the 
backbone binder content, which significantly increases the density achieved albeit with 
greater shrinkage [171]. Oils tend to act as viscoelastic liquids with high melting points 
making them unsuitable as a solvent for extrusion applications, which require solid-state 
behaviour. However, paraffin wax has been used as a molten system for extrusion of 
doped BT which solidifies upon cooling after deposition, similar to thermoplastic 
methods. This method was able to achieve 93 %TD [172]. For rapid drying applications 
ceramic suspensions in ethanol have been formulated [173]. However, the high solids 
loading required for material extrusion would result in rapid onset of drying even at 
room temperature and be detrimental to the extrusion process. 
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2.5.1.2 Role of water 
The most common solvent for ceramic suspensions for extrusion is water, also known 
as aqueous based due to the necessary additives required for a suspension [82,174,175]. 
Water is the most common solvent because it is cheap and ubiquitous, it is non-toxic 
and non-flammable and eco-friendly to process compared to burning off polymers or 
oils with only the additives in need of consideration for this, and these additives are of 
a large range available to modify the properties of the resultant slurry/suspension/paste 
[176]. Water has a low viscosity which can be increased with additives depending on the 
need of the application. It can even be used to replace the bulk of resin and the 
properties adapted via additives. However, the green pre-sintered ceramics produced 
by aqueous suspensions are not as mechanically strong as those with resin or polymer 
based green bodied of the same ceramic loading. It is also more difficult to stabilise with 
a specific range of additive content required depending on temperature and loading. 
The drying of the water from the system can also lead to problems such as cracking and 
voids if not dried too fast [66,177].  
 
2.5.2 Effect of viscosity 
In a liquid, viscosity arises from internal friction within the system – between the 
molecules that comprise the liquid. This is Van de Waals forces acting as a resistance to 
the molecular flow and therefore any factors that alter this affect the viscosity. If internal 
particles are repelled from each other by the use of dispersants then the viscosity will 
be low. If the substance includes long chain molecules with much more contact available 
for Van de Waals forces then the viscosity will be greater. As a liquid solidifies, for all 
practical purposes the viscosity tends towards infinity. This can be seen in the left image 
of Figure 2.5.2.i where a yield stress type liquid demonstrates solid state behaviour at 
low shear rates, compared to a liquid that demonstrates a low viscosity at shear close 
to zero. Materials that demonstrate this behaviour are referred to as pastes or gels, and 
due to the molecular system that causes this also have a greater viscosity at any given 
shear when compared to a Newtonian liquid [85,175,178]. 
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Figure 2.5.2.i – The rheology for pastes/gels vs fluids on a linear scale (left). The 
measurement vs behaviour of a highly viscous liquid (right) [179]. 
 
When measured with a rheometer, the shear stress is found to be zero at zero shear 
rate despite a yield stress in the material, as seen in the right image of Figure 2.5.2.i. For 
this reason, at a lower shear rate the true shear stress in the material gives an apparent 
yield stress as a zero shear viscosity plateau, although this can be affected by the 
measurement equipment itself [180].  
 
2.5.3 Effect of Yield Stress 
The energy required to transition from the solid-state to the liquid-state behaviour of 
the viscoelastic paste is called the yield stress. With stress in the paste under this limit 
the paste will always reform back to its original shape and will have only deformed in 
the elastic region. When measured under constant strain in a rheometer, this appears 
as shown in Figure 2.5.3.i; an increase in stress in the material until it yields and 
thereafter a constant stress is required to plastically deform the paste. The reduction in 
stress required for the paste to flow after yielding represents the shear thinning 
properties of the paste [85,179]. 
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Figure 2.5.3.i – Stress evolution at constant shear rate [179] 
Long term thixotropy, time dependent viscosity, can be the truth behind a paste’s 
apparent yield stress. While a paste might demonstrate a yield stress practically, over 
time this might turn out to be a highly viscous liquid at low shear rates rather than true 
solid state behaviour. However, this is only relevant if the paste begins to flow during 
the application that demands solid-state behaviour such as retaining extruded shape 
long enough to dry. Relaxation behaviour of the material after undergoing stress is also 
a factor that can influence the yield stress of the paste, for a true value it is measured at 
low shear rates. Materials with a very long relaxation period can lead to creep in the 
material, and in the short term they may act like very highly viscous liquids without a 
true yield stress [85,179]. 
 
2.5.4 Storage Modulus and Loss Modulus 
The storage modulus, G', is the representation of the elastic portion of the viscoelastic 
behaviour of a paste and is therefore sometimes alternatively referred to as the Elastic 
Modulus. It is called the Storage Modulus because the deformation of the paste is stored 
as elastic energy which returns the paste to its original form, as with an elastic solid, and 
is therefore referred to as solid-state behaviour of the paste. This is why paste is also 
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referred to as a viscoelastic solid, while a viscoelastic liquid is a highly viscous liquid 
which does not demonstrate solid-state behaviour [85].  
 
 
Figure 2.5.4.i – Vector diagram of the relationship between storage and loss modulus 
[181] 
The loss modulus, G”, represents the viscous portion of the viscoelastic behaviour of a 
paste, the loss of elastic energy as the material flows as a liquid, and therefore 
represents the liquid-state behaviour of a paste. A paste is a liquid that demonstrates 
this viscoelastic effect where G’ is greater than G” thereby allowing the material to retain 
its shape and not flow without application of an exterior force. This can be represented 
on a vector diagram where G’ and G” combine to give a complex modulus, G*, at a phase 
shift angle δ shown in Figure 2.5.4.i. Where δ < 45°, G’ > G” and therefore the material 
acts as a paste [88,176].  
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Figure 2.5.4.ii – The storage and loss modulus of a paste where point 1 is the 
crossover and point 2 is the beginning of non-linearity [179] 
Figure 2.5.4.ii shows the storage and loss modulus of a smooth, stable paste. In an ideal 
paste there is a linear behaviour as demonstrated here prior to the drop. This represents 
the solid state behaviour where the drop in modulus with increased stress represents 
the liquid state behaviour. Where G’ begins to drop non-linearity sets in as the elastic 
structure begins to break down and where it drops below G”, the crossover point, 
represents the stress above which the material acts as a viscous liquid. The transition 
zone between these two points is known as the yield zone and represents the yield 
stress of the material; the yield stress is taken as either point depending on the method, 
but are typically a close value that match well with the yield stress value taken by specific 
yield stress tests [85,179]. 
By applying the literature knowledge and understanding, experimental protocols for BT 
based ceramic ink formulations have been developed suitable for 3D printing, and 
fabricated PTC heater components through AM as described in Chapter 3. Material 
extrusion via a robocasting technique is chosen due to the flexibility of the process, and 
its ability to utilise high solids loading material to form high green densities, and 
therefore achieve higher sintered densities than BJ. It uses significantly less additive 
content than VP and can utilise safe, eco-friendly solvents and additives. Analysis of the 
paste was undertaken to determine the storage and loss modulus, and the viscosity and 
yield stress to determine the effect of paste formulation variances on rheology, and in 
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turn its relationship with the additive process. Conventional sintering was undertaken 
with the heating profile determined from literature to provide a dense, semi-conductive 
PTC material. XRD was taken at green, calcined and sintered stages to help understand 
the phase changes within the material. The microstructure was analysed with SEM, with 
optical microscopy to determine shrinkage and dimensional accuracy from both the 
additive process and sintering. To analyse the PTC effect, dielectric measurements were 
taken and plotted as resistivity by temperature, and infrared videography was 
undertaken to determine the practical use as a heater component with power input (as 
opposed to the dielectric measurements which set the temperature while measuring 
the impedance). 
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Chapter 3 
Experimental Methods and Materials 
3.1 PTC powders 
3.1.1 Powder synthesis of PTC material 
Barium titanate (99 %, 0.03% Max. (+325 Mesh), 0.85 to 1.45 Micron, ACROS Organics, 
UK), referred to as BT, was used as supplied for undoped material formulation, and as 
the bulk in the doped material formulations later described. 
3.1.1.1 Solid State route 
The solid state route uses barium carbonate (Sigma Aldrich, UK), titanium dioxide (Sigma 
Aldrich, UK) and lanthanum oxide (Sigma Aldrich, UK) mixed together following the 
stoichiometric ratio given by Ba1-xLaxTi1-x/4O3 [42,45,48–51] in deionised water by ball 
milling in a polyethylene jar with zirconia media for 24 hr. Then the slurry was passed 
through a metal sieve to remove to remove the media and passed under further 
deionised water to retain as much slurry as possible, before evaporation in an oven 
(Memmert UF50) at 100 °C for 12 hr to remove water and leave a dry precursor powder. 
3.1.1.2 Co-precipitation route 
A PTC powder composition with the highest resistivity jump was prepared by dissolving 
0.08 mol% of manganese (II) nitrate tetrahydrate (Sigma Aldritch, UK) and 0.3 mol% of 
lanthanum (III) nitrate hexahydrate (Sigma Aldritch, UK) ) in deionised water [48,49] and 
mixed with a magnetic stirrer for 2 hr with an appropriate quantity of barium titanate 
(99%, 0.03% Max. (+325 Mesh), 0.85 to 1.45 Micron, ACROS Organics, UK) before 
evaporation in an oven (Memmert UF50) at 100 °C for 12 hr to remove water and leave 
a dry precursor powder. This PTC composition is referred to as CP0.3La0.08Mn. For 
comparison, a PTC composition of 0.135 mol% lanthanum doped barium titanate was 
produced by this same method with no manganese and is referred to as CP0.135La. 1 
mol% titanium dioxide (Sigma Aldrich, UK) was added as a sintering aid to this 
composition [49,52]. 
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3.1.1.3 Grinding and sieving 
In preparation for printing, the powder formulated by both routes required sieving 
through a 125 µm mesh sieve to remove agglomerates that may clog the printer nozzle. 
Grinding was required using a pestle and mortar on the dried powder prior to sieving to 
break down agglomerates. For the solid state route this required an extra grinding step 
in a McCrone micronizing mill to oscillate the powder for 7 minutes, 5 grams at a time 
with alumina media to ensure enough powder under 125 µm particle size could be 
collected, typically in 50 g batches. The powder was then passed through a 45 µm mesh 
sieve to remove the finest particles and ensure a particle size in the distribution range 
of 45 – 125 µm. Leftover powder >125 µm was kept for use as a powder bed during 
sintering to prevent reactions with the alumina plate, and several grams in the range of 
45 – 125 µm for die-pressing. 
3.1.1.4 Material variations 
PTC compositions of 0.5x, 1x, 2x, 3x and the optimum lanthanum concentration doped 
barium titanate were formulated via the solid state route to investigate the effects of 
lanthanum concentrations from the optimum for PTC jumps [48,49], and are detailed in 
Table 3.1.1.i along with the name with which they will be referred to throughout this 
document. The stoichiometry was calculated by Ba1-xLaxMn(x-0.15)/2Ti1-x/4O3 [42,45,48–51] 
to determine the amounts of reactants required. The Mn doped PTC to give the greatest 
resistivity jump was formulated via the co-precipitation route with the pre-supplied 
barium titanate, so the barium to titanium ratio was not altered. An as-sintered PTC 
stone was supplied by BorgWarner (comprising a nominal composition of 1.84 wt% Ca, 
1.27 wt% Sr and 19.89 wt% Pb doped BT) and was used as an industrial benchmark and 
will be referred to as IB.  
Table 3.1.1.i – PTC variations investigated 
La 
content 
(mol %) 
Mn 
content 
(mol %) 
Stoichiometry 
Ba1-xLaxMn(x-0.15)/2Ti1-(x/4)O3 
 
Process route 
 
Name 
0.067  Ba0.99866La0.00135Ti0.99958O3 Solid state 0.064La 
0.135  Ba0.9973La0.0027Ti0.99936O3 Solid state 0.135La 
0.268  Ba0.99465La0.00535Ti0.99864O3 Solid state 0.264La 
0.401  Ba0.992La0.008Ti0.998O3 Solid state 0.401La 
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0.3 0.08 Ba0.9962La0.0054Mn00.0012Ti0.9962O3 Co-precipitation 0.3La.08Mn 
 
3.1.1.5 Material density 
The material variations were die pressed (PPB15 Sealey Premier Hydraulic Press 15 
tonne Bench Type) in a ⌀ 10 mm steel die under 200 MPa pressure for 60 seconds. 5 
samples were made of each material using the remaining 45 – 125 µm powder and if 
further required, from the >125 µm powder. Once pressed these were weighed 
(CP2244, Sartorius, U.K) and dimensions measured with Vernier callipers (Mitutoyo 
150mm Digital Calliper, Metric, Absolute) to determine the geometric green density. 
 
3.1.2 Calcination of powders 
Calcination was required on the mixed PTC precursor material – for the co-precipitation 
route this would absorb the dopants into the barium titanate lattice structure, while for 
the solid state route the carbon dioxide would leave the material as the barium 
carbonate and titanium dioxide react to form barium titanate, along with the dopants 
in the lattice. For the solid state route, calcination temperatures between 700 – 1100 °C 
at dwell times of 2 hours were investigated [71] for 0.135La, with 900 °C used for the 
printing material variations. Calcination before and after paste formulation and printing 
was investigated for both processing routes, with calcination taking place before the 
grinding/sieving step or during the binder removal and sintering stage.  
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3.2 Paste formulation for printing 
3.2.1 BT and PTC paste formulations from powder 
The following paste formulation method was developed to reduce the total time 
required to formulate from ground powder and to achieve the final composition as close 
to the calculated intended values as possible. A specific amount of deionised water was 
weighed and added to a small beaker, followed by dispersant delivered by pipette 
measured on digital weighing scales to a predetermined amount. A magnetic stirrer the 
width of the beaker was then used continuously to mix the dispersant in, and during the 
addition of powder and viscofier. The powder was weighed separately and then added 
slowly to the beaker. Once all the powder was added, it was left to stir for 30 minutes 
to ensure homogenous dispersion. A heated bath at 90 °C [182,183] was prepared and 
the beaker was introduced to it, with continued stirring and left for 2.5 minutes to reach 
temperature. The HPMC is then added over the next 1.5 minutes and is left to stir for 6 
minutes in the heated bath before being removed to cool, with continued stirring. Upon 
cooling, a paste is formed which is then loaded into a 33 cL syringe for storage, and any 
remainder is used for initial rheology tests and drying to determine the solids wt%. By 
loading the syringe before full cooling is complete, the lower viscosity allows for easier 
loading with a reduction in air bubbles compared to fully cooled paste, but without any 
condensation forming within the syringe from a hot paste. 
3.2.1.1 Dispersant 
Ammonium polyacrylate (Darvan 821-A from Vanderbilt Minerals) was used [80,82] as 
the dispersant for all pastes, with an amount varied to determine the rheological effects 
and find an optimum wt% between a high amount (2.5 wt%) to give good dispersion of 
particles with a lowered viscosity and a low amount (0.5 wt%) to increase the yield stress 
of the paste. The desired properties were to achieve a balance between dispersion of 
particles and a high yield stress. 
3.2.1.2 Viscofier/plasticser/binder 
HPMC (Hydroxypropyl methyl cellulose, viscosity 2,600-5,600 cP, 2% in H2O at 20 °C, 
molecular weight   ̴86 kDa) was used [87] as a viscofier/plasticiser and binder. HPMC 
 
Experimental Methods and Materials 
 74 
wt% was varied between 0 – 5 wt% to determine effect on rheology and choose an 
optimum concentration. These were determined solely on printing characteristics 
although it also acted as a binder in the dry green body.  
3.2.1.3 Solids Loading 
The initial water content was varied to determine the solids loading, although could be 
altered depending on the amount of powder available. Regardless of the amount of 
water or powder added, a consistent loss of 4 g of water was observed when using the 
same beaker for 10 minutes in the 90°C batch required for HPMC mixing. This allowed 
for a more accurate calculation of the final solids loading content to within ±1.5 wt%. 
The solids loading was varied to investigate the effects on printing characteristics for 40 
wt% through 87 wt%. After formulation, 2g was weighed and dried to determine the 
actual solids loading. 
3.2.2 Rheology 
All rheology data was measured at room temperature using parallel plates (PP25-
SN13714) on a Rheometer Anton Paar, Physica MCR 101. The proprietary Rheoplus 
V3.21 software that accompanies the Rheometer was used for in-built calculations. 
Paste formulated specifically for rheological testing, rather than formulated for printing, 
is detailed in Table 3.2.2.i. 
Table 3.2.2.i – Pastes formulated for rheological testing.  
Solids loading (±1.5 wt%) Dispersant (±0.05 wt%) HPMC (±0.25 wt%) 
0 0 5 
45 2 2 
45 2 4 
55 2 4 
60 0.5 0 
60 1 5 
65 1 5 
70 3 5 
70 2 2 
70 2.5 1.25 
70 3 2.25 
75 2.5 0 
75 0.5 0 
75 1.5 0 
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75 1 0 
75 1.5 0 
75 1.75 0 
80 0.75 0 
82 1.5 0 
87 1.5 0 
80 2 0.7 
80 2 1.2 
80 2.5 1.25 
80 2.5 1.5 
80 2 2.25 
 
3.2.2.1 Viscosity 
Paste was loaded between the plates in the rheometer and covered to reduce 
evaporation. The plates were set at a distance of 1mm apart and ensured the gap was 
properly filled by paste. Any extra paste around the edge was removed. Viscosity (η) was 
taken on each formulated paste every second for 1 second of a linear sweep from 0/min 
to 350/min shear rate and back to 0/min. The torque in the plates was measured to 
determine the shear stress on the paste, and therefore the viscosity at the given shear 
rate.  
3.2.2.2 Yield Stress 
Yield stress (σy) was taken on each formulated paste in the same session as viscosity, 
and while it can be defined from the viscosity data, a more accurate separate test was 
performed. This was a constant shear rate of 54/min applied for 2 minutes where the 
shear stress is measured and the maximum value therefore is the yield stress. 
3.2.2.3 Storage Modulus and Loss Modulus 
The storage modulus, also known as the elastic modulus (G’), is a measure of the elastic 
portion of the behaviour of the visco-elastic pastes. The viscous portion is measured by 
the loss modulus, (G’’) and measures the fluid flow behaviour. The rheometer performs 
an oscillation sweep and the moduli can be plotted together with the units of Pascals, 
against strain %. Complex viscosity can also be calculated from this and allows for further 
analysis by displaying the yield stress. This was performed on the highest and lowest 
printable pastes.  
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3.3 Micro-extrusion / robocasting 
3.3.1 Dimensional accuracy profile 
The accuracy of printing was determined from the following set of printer variables, and 
had to be altered for each paste as no two batch of pastes could be repeated exactly. 
During printing these were modified to achieve a complete print, and once optimised a 
set of samples were printed. At the end of the final layer the flowrate was manually 
stopped to prevent an unwanted build-up of paste before the nozzle travelled home. 
The micro-extrusion was investigated using the equipment shown in Figure 3.3.1.i 
 
Figure 3.3.1.i – Schematic of the auger valve micro-extrusion system 
 
3.3.2 Air Pressure 
An investigation into air pressure on the material behind the auger screw was varied 
between 1 and 5 bar. The air pressure was kept at 2.5 bar for all samples printed for 
profiling and heater prints after initial investigation of the parameters. The width of the 
extruded lines, from a height of 130 µm above the substrate, was measured as a function 
Chamber 
Material 
feed 
Motor 
Feed 
screw 
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of speed and pressure by optical microscopy built in to the extruding system of the 
EnvisionTec 3D Bioplotter. 
 
3.3.3 Printing speed and flowrate 
The nozzle takes input path during printing and is investigated between 1 mm/s to 20 
mm/s. For most printed samples the optimised speed was between 3 – 6 mm/s. The 
flowrate was deposition of paste from the nozzle, determined by the auger screw. This 
was varied between 2 – 300 µl/min and the exact optimal relationship between it and 
the speed was different for each paste but generally between 30 – 60 µl/min. An 
investigation of the relationship between the two for the same paste was undertaken 
along the mentioned parameters. Speed could be altered for different ‘types’ of printing, 
i.e. the infill, wall, travel etc, but was designed for polymer fused deposition so the speed 
was set the same for all of these variables with travel at 300 mm/s to avoid unnecessary 
extrusion between intended deposition. 
 
3.3.4 Layer height 
The layer height is the height the nozzle raises between completing each layer of the 
print along the Z axis, and is much finer than the nozzle diameter itself. This also relates 
to the speed and flowrate but was only investigated for optimisation, varied between 
240 and 600 µm in increments of 20 µm. The initial layer height above the bed, also 
known as the build platform, is determined by manually altering a screw to determine 
the distance to the Z-stop sensor. The actual distance between the nozzle tip and the 
bed is then determined by eye, and was investigated by using the screw and eye only, 
to setting the Z-stop lower than the bed with the screw and then using the motors to 
input the initial layer height and measure the distance by eye, but with more accurate Z 
movement.  
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3.3.5 Layer and path parameters 
Within the layers there are a range of parameters determining the path the nozzle takes. 
These were investigated by altering the number of wall passes, 1 – 3, the overlap 
between wall and infill in% of nozzle diameter from 50% to -50%, the overlap between 
each wall pass in the same range. The top and bottom layers were kept open to be 
determined by infill rather than being ‘solid’, but the slicing software would sometimes 
try to force this so the G-code was checked before each build was begun. The path width 
was the width of the nozzle, and was set according to the nozzle diameter being used – 
560 µm for all material variations for BT-based printing.  
 
3.3.6 Infill density 
The infill density is the slicing parameters regarding the printing of the internal part of 
the sample – everything within the wall – and thus makes up the bulk of the printing. 
Theoretically, 100% infill equals a fully solid sample but as the software was designed 
for polymer filament printing; the true, lower infill% required was investigated to 
determine the requirement for dimensionally accurate solid samples. Low infill% was 
investigated and used for porous samples, with the accompanying change in all other 
respective printing parameters. Infill density was varied from 0% to 100% in the infill 
patterns known as grid and lines. 
 
3.3.7 Solid prints verses porous prints 
The infill patterns were kept as lines for solid samples, to reduce the variation between 
samples and pastes and to reduce the time required to determine the optimum settings 
for a dimensionally accurate sample. The porous samples generated with lower infill 
investigated alternate infill patterns provided by the software including honeycomb, 3D 
honeycomb and concentric lines, as well as the grid and lines used for solid samples. 
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3.3.8 Drying of prints 
3.3.8.1 Heated bed 
The heated print bed/platform was controlled using the Repetier printing software. The 
temperature range was investigated from off – room temperature – to 55 °C, the highest 
temperature output possible without a secondary heat source due to the power 
limitations of the printer.  
3.3.8.2 IR lamp 
To supplement the heated bed, allowing for greater bed heating with the same input 
power; up to 100 °C, and to provide multidirectional heating. The use of IR lamp was 
investigated with no heating of the bed and recorded via the bed’s thermistor – this was 
able to achieve up to 80 °C. The dual heating was investigated from room temperature 
to 100 °C, and for each paste the optimum temperature was found for use for sample 
printing. For the lowest viscosity pastes, the use of a hair dryer as third source of drying 
was also investigated.  
3.3.8.3 Oven drying 
After dimensionally accurate extrusions were printed, the green samples were 
monitored for warping. Oven drying at 50 °C, 80 °C and 120 °C was investigated, along 
with continued drying under the IR lamp on the heated bed after extrusion had finished 
from 50 to 100 °C. Utilising a single post printing heating step by combining green drying 
in a furnace before binder removal and sintering was investigated to with a slow heating 
ramp of 1 °C/min to 100 °C with a hold of 2 hours, before following the conventional 
sintering heating steps outlined later. 
 
  
 
Experimental Methods and Materials 
 80 
3.4 Characterisation of green 3D printed bodies 
3.4.1 SEM 
A Field Emission Gun Scanning Electron Microscope (FEGSEM) (Leo 1530VP FEGSEM, 
Zeiss, LEO Elektronenmikroskopie GmbH, Oberkochen, Germany) was used to image the 
samples. Each sample was stuck on a standard aluminium stub with carbon tape and 
Au/Pd sputtered for 90 seconds (Quorum Q150T ES Gold Sputter Coater). 30 µm 
aperture size of the lens was used at 5mm working distance, with 5kV electron voltage 
used for imaging. 
 
3.4.2 EDX 
The same method was undertaken as described in 3.4.1 except at an electron voltage of 
20kV. Elemental analysis maps were taken to determine homogeneity of the print and 
to identify any impurities of significant quantities. 
 
3.4.3 Density 
Green density was taken geometrically using Vernier callipers (Mitutoyo 150mm Digital 
Calliper, Metric, Absolute) after grinding any protrusions off and ensuring a flat surface 
on all sides using 600 piano grit (Struers Tegramin-25 polishing machine). These were 
then weighed on a balance (Balance: CP2244, Sartorius, U.K) sensitive to 1 µg. 
 
3.4.4 Geometrical distortion 
Vernier callipers (Mitutoyo 150mm Digital Calliper, Metric, Absolute) were used to 
measure the unground samples and compared with the input parameters (typically 10 x 
10 x 3.3 mm) to determine shrinkage from drying. Callipers could not be used before 
drying without contributing to the warping of the sample, and most samples printed 
involved some amount of drying during printing before post-printing drying. Optical 
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microscopy (SMZ1500 Stereo Microscope) was used to determine warping along the 
features (corners, straight edges), as well as any surface features. 
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3.5 Sintering methods 
3.5.1 Conventional 
Binder removal was performed at 350 °C in a furnace (Carbolite Gero RHF 1600) with 
the heating rate of 2 °C followed by sintering at 1370 °C for 2 h with the heating rate of 
5 °C min−1 and the cooling rate of 20 °C min−1 [184]. Alternative heating durations of 5 
and 8 hours were investigated, along with sintering temperatures of 1250 °C. The cooling 
rate was investigated between 1 °C min−1 and 20 °C min−1. 
 
3.5.2 Co-calcination and sintering 
Calcination of powders was performed in the same furnace as sintering in 3.5.1 in an 
alumina crucible, with CP powders calcined at 800 °C for 2 hours (2 °C/min ramp) and SS 
powders with the same ramp investigated from 700 – 1100 °C with holds of 1 – 5 hours 
[49,71,184] to form the doped PTC barium titanate. These same temperatures and hold 
times were used for co-calcination for the single heat treatment step on uncalcined 
printed samples for CP and SS formulated prints respectively. 
3.5.2.1 Warping 
The same methods from 3.4.4 were employed to determine distortion caused by co-
calcination and sintering. Sintering bare on alumina plates was investigated along with 
sintering on the PTC powder of the same process route. Warping during drying of the 
prints was observed dependent on the temperature used and the viscofier 
concentration. 
 
3.5.3 Microwave hybrid sintering 
Hybrid sintering was investigated on dried, calcined 0.3La0.08Mn printed samples with 
1kW of power, at 1350 and 1400 °C for 1 hour, with a heating rate of 5 °C min−1 and a 
cooling rate of 5 °C min−1, the bespoke furnace used for hybrid sintering could not 
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achieve cooling equivalent to that used in conventional sintering. The frequency of the 
microwave was 2.45 GHz.  
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3.6 Characterisation of sintered samples 
3.6.1 XRD 
XRD (D2 Phaser, Bruker) was taken on powder precursors, mixed powders, calcined and 
sintered samples – for each material variation pressed and printed between 20 ° 2Ø and 
90 °. This was undertaken at a hold time of 0.2 seconds with increments of 0.02 °. For 
the calcined SS material variations of a high detailed run of 0.8 seconds hold with 0.01 ° 
increments were undertaken between 38 ° 2Ø and 48 ° to investigate the movement of 
the La peak under different dopant concentrations, as determined in literature [50].  
 
3.6.2 SEM 
The same method was undertaken for sintered samples as green samples described in 
3.4.1.  
3.6.2.1 Grain Structure 
SEM images were taken of the grain structure at varying magnification, 100x to 10,000x, 
of each material variation, at varying locations across the samples – images were taken 
near the edges or pores to determine if there was difference in grain structure compared 
to the bulk, and any difference depending on sintering orientation.   
 
3.6.3 EDX 
The same method was undertaken for sintered samples as green samples described in 
3.4.2. The mapping mode was used to determine any compositional difference between 
different grain structures and identify any impurities.  
 
3.6.4 Density 
The Archimedes method was used in combination with the geometrical method 
described in 3.4.3 to enable an accurate comparison with green density but also a more 
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accurate measurement [185] of the sintered density. The Archimedes method uses 
digital weighing scales to measure the weight of the sample in air and the weight of the 
sample immersed in water to determine the density by determining the displacement 
of water. 
 
3.6.5 Shrinkage 
The volume shrinkage of the material variations was measured with Vernier callipers 
using the same data for density, to determine the% shrinkage from green to sintered 
bodies and the correlation with density increase. 
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3.7 Dielectric measurements 
Dielectric testing was carried out on all material variations on an impedance 
spectrometer (Solartron SI 1260 Impedance/Gain-Phase Analyser with Solartron 1296 
Dielectric Interface, reference electrode 10 pF, in a Lenton Tube Furnace LTF 
12/38/250).  
 
3.7.1 Frequency sweep/Nyquist plot 
A log frequency sweep of 100 mHZ to 6 MHz with 5 points per decade was employed 
using the SMART software supplied with the impedance spectrometer. Impedance data 
is plotted as real impedance vs imaginary impedance in a Nyquist plot, where the 
extrapolated semi-circles give the corresponding impedance through grain boundaries, 
grain bulk and other process effects such as the electrode interface. 
 
3.7.2 Resistivity – PTC curve 
The frequency sweeps were performed on a loop during a gradual temperature increase 
of 2 °C/min from room temperature to 300 °C. The temperature was measured by a K-
type thermocouple placed within ±10 mm of the sample and recorded by National 
Instruments accompanying logging software. For 0.3La0.08Mn the impedance was also 
measured during the furnace cool down to compare the data, with a nominal cooling 
rate of 0.5 °C/min. From the Nyquist impedance plots the DC resistance was 
extrapolated to evaluate the resistance per sweep, where the imaginary impedance is 
0. The resistivity is then calculated from this and the shape coefficient, using the 
geometrical measurements taken for the density data outlined in 3.6.4. For the porous 
samples the effective surface area was calculated using optical microscopy (SMZ1500 
Stereo Microscope).  
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3.7.2.1 Slope 
The slope of the PTC curve is calculated from the temperature – resistivity graph as 
ρ120°𝐶
ρ160°𝐶
⁄  when the Tc is 120 °C, where the PTC increases the most orders of 
magnitude and can be used to define the steepness of the curve. The steepness of the 
slope corresponds with how stable the heater temperature output will be, and is also 
presented as resistivity increase per degree Celsius over this slope. 
3.7.2.2 Jump 
The resistivity eventually reaches a maximum, typically around 200 °C before declining, 
and thus represents the end of the PTC curve. The jump represents the total resistivity 
increase in the material and is calculated as 
ρ𝑚𝑎𝑥  
 ρ
𝑚𝑖𝑛
⁄  
 
3.7.3 Samples investigated 
Pressed samples of all material variations were measured dielectrically. For the 
materials found to be fully insulating, no measurements were taken on prints. Solid 
printed samples were measured of all samples with material found to have conductivity 
while porous prints were measured of 0.135La and 0.3La0.08Mn. All material variations 
samples were conventionally sintered, with measurements on the hybrid sintered 
printed 0.3La0.08Mn also. 
 
3.7.4 Electrodes for dielectric measurements and heater assemblies 
Electrodes were applied to the samples for dielectric measurements and heater 
characterisation as follows: 
3.7.4.1 Silver paint 
Silver conductive paste (Silver Paste, α-Terpineol dispersion, Sigma Aldrich UK) was 
investigated for use as a painted electrode on 0.135La samples. The paint was applied 
via brush until the surface was completely covered, and then applied to the opposing 
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side. Due to the tendency of a small amount of paint to become applied to the side of 
the sample and the small thickness of the sample meaning this could potentially reach 
the opposing side, once dried in an oven (Memmert UF50) at 300 °C for 2 hours the sides 
of the sample were ground slightly using 1200 piano grit (Struers Tegramin-25 polishing 
machine) to remove any conductive paint, and ensure no shorting between the 
electroded faces could occur. 
3.7.4.2 Interface effects 
The electrode interface was investigated by the impedance measurements described in 
0 to determine the electrode effects on the electrical and resistivity measurements, 
despite the very low resistivity of the electrode itself. This could only be determined by 
comparison with alternative electrode materials and confirmation from literature.  
3.7.4.3 Au-Pd Sputtering 
Au/Pd sputter of 90 seconds (Quorum Q150T ES Gold Sputter Coater) was applied to 
0.135La to investigate use of the electrode and any reduction in interface effects. The 
sample was mounted side on so that sputtering could be applied to the top and bottom 
face during the same single application. The sides were then ground as per the silver 
paint method in 3.7.4.1. Due to the thinness of the printed porous samples, sputtering 
would enter the pores and shorting would occur with no feasible way to remove the 
coating internally, so this was not attempted. 
3.7.4.4 In-Ga eutectic 
In-Ga eutectic (Gallium–Indium eutectic, ≥99.99% trace metals basis, Sigma Aldrich UK) 
was applied in the same manner as the silver paint in 3.7.4.1 to opposing sides of the 
samples. Since this is a metal eutectic rather than a particulate dispersion, the electrode 
remains liquid and is more difficult to apply due to surface tension. The eutectic is first 
shaken securely in its bottle and wiped from the inside with cloth. This is then wiped on 
the required faces until the entire face is covered, and the same done to the opposing 
face. Bridges on the edges which could lead to shorting were less common than the 
silver paint but could easily be removed without the need for grinding. Extra care was 
taken to ensure no agglomerates (likely foreign impurities in the paste) entered 
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designed pores in the prints to ensure no shorting through the pores as this was harder 
to remove. 
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3.8 Characterisation of 3D printed PTC heaters  
3.8.1 Heater parameters 
An infrared (IR) camera (‘FLIR A655sc’ forward looking infrared camera) with its provided 
software was used to record the heat output of the samples and printed heating 
elements. In-Ga electrode, described in 3.7.4.4, was used both as described on the top 
and bottom faces and on two of the other sides instead was investigated, to allow the 
IR camera to view the region with greater surface area on long thin samples. The power 
was applied with micro-crocodile clips attached to a power pack (TTI EX752M Multi-
mode PSU 75V/150V 300W) capable of delivering 2A and 150V.  
3.8.1.1 Emissivity 
The emissivity of the samples was calculated via comparison with a thermocouple, used 
in 3.7.2, by heating the samples in the furnace (Lenton Tube Furnace LTF 12/38/250) 
and measuring the temperature of each sample via IR and the thermocouple. The 
furnace was heated and held for 1 hour at 120 ±3 °C, as measured by the thermocouple, 
then the thermocouple data was input to the FLIR recording software and the emissivity 
value automatically calculated to ensure all further temperature readings of the samples 
via IR would be accurate. This was done for each material variation used. 
3.8.1.2 Power variations 
The input power was capped at wattages varying from 0 to 10, and the IR camera 
recorded from switch on for 100 seconds. The excess data at the start of each run was 
then removed manually to synchronise each run so that the switch on was aligned with 
0.24 seconds (the 4th data point) to allow for easy comparison of the heating rates of 
each sample and power variation. If the input power was greater than the power being 
drawn, and remained so for all attempted increases in power input, they were 
discontinued and excluded from further data as the drawn power was the same.  
3.8.1.3 Samples 
0.135La and 0.3La0.08Mn solid and porous printed samples were investigated and 
compared with IB. All samples were recorded side on with electrodes along the top and 
bottom, with a maximum temperature reading taken as well as the average across the 
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sample. IR images were analysed to determine any variation in heating across the 
sample. Porous samples and heating element prints were also recorded top down to 
allow for IR imaging of the structure.  
3.8.1.4 Geometrical stability 
The 0.3La0.08Mn porous printed sample was recorded top down looking through the 
pores, with the crocodile clips and the respective In-Ga electrode coating across each 
top and bottom surface. The IR recorded from the power switch on for 100 seconds, as 
in 3.8.1.2. In the FLIR software, the maximum temperature displayed within each pore 
was recorded across each time interval and plotted to analyse the temperature variation 
across the sample.  
 
3.8.2 Stability over time 
IB and the 0.3La0.08Mn porous and solid printed samples were held for 30 minutes at 
3W of power, with an IR measurement taken every 10 seconds to determine the long 
term stability of the heat output. These were recorded side on with a maximum 
temperature taken and an average across the sample. 
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Chapter 4 
Results and Discussion 
4.1 Powder synthesis of PTC materials and their characterisation 
4.1.1 Solid State synthesis route 
The solid state route (SS) has been reported as being less reproducible than other 
processing routes for barium titanate based PTC materials, typically due to the inability 
to completely homogenise the precursor powder components, as previously 
determined [49], despite 24 hr ball milling. Longer ball milling increases the amount of 
impurities in the powder from the zirconia milling media and carbon from the jar, with 
no benefit to the reproducibility regarding the homogenisation of the powder. Due to 
the large agglomerates from calcination all of the material variations used for 
characterisation were printed using the uncalcined powder mix, with a slow calcination 
combined with the binder removal and sintering step which will be further discussed in 
4.1.4. 
4.1.1.1 Grinding and sieving 
The calcined powders prepared by SS resulted in a greater proportion of large 
agglomerates compared to the CP route. This greatly increased the grinding required 
and increased the resulting waste amount of powder from this process (unable to be 
ground sufficiently), resulting in a 15 – 20% decrease over the course of the whole 
synthesis route, compared to <5% for Co-precipitation. 
 
4.1.2 Co-precipitation synthesis route 
The co-precipitation route (CP) had more reproducible characteristics due to the greater 
homogenisation of the dopants during the processing route. Dissolution of the nitrates 
in water allowed the dopants to be more evenly dispersed throughout the BT suspension 
in a shorter mixing time than was afforded by the SS route. Calcination resulted in much 
fewer large agglomerates compared to the SS route and was comparable to the 
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uncalcined powder. This is likely due to the starting uncalcined bulk already being BT 
with a miniscule quantity of dopant salts being added, rather than the entire bulk being 
synthesised via this route.  
 
4.1.3 EDX of powder 
EDX mapping of the green pressed samples reveals differences in the chemical make-up 
depending on the process used. Figure 4.1.3.i shows EDX of loose powder formulated 
by co-precipitation on a carbon based background hence why oxygen covers the whole 
area. Overall the dopants are well dispersed throughout the powder but can be seen to 
concentrate slightly more in some areas than others, while noise is likely regarding the 
low concentration of dopants. 
 
Figure 4.1.3.i – Loose powder EDX for 0.3La0.08Mn 
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4.1.4 Calcination 
4.1.4.1 Solid State synthesis calcination 
Solid state synthesis calcination was undertaken at 700 °C, 900 °C and 1100 °C for 1, 3 
and 5 hours. Table 4.1.4.i shows the parameters investigated and the effect on 
calcination. The exact proportions of BT to precursors and proportions of the crystal 
phases were estimated from the XRD patterns, which are difficult to determine with 
accuracy due to overlapping peaks [71,72,186]. While the conversion of the raw 
precursor material to BT was complete with greater temperature, and longer time 
increasing that proportion at lower temperatures as matches with literature [71,72,186–
188] the tetragonal fraction was not affected by any increase in time, only by 
temperature. The tetragonal fraction falls far short of the complete tetragonal phase 
seen in sintered samples even when calcined at 1100 °C because prior to sintering the 
particles remain cubic, and become tetragonal only when forming agglomerates and 
larger clusters [59,71]. This explains why an extra milling step is required to reduce 
particle size after solid state calcination, increasing the overall time of the process for 
calcination prior to printing. This can be avoided by calcination after printing of the raw 
precursor material. 
Table 4.1.4.i – Temperatures and dwell time effects on the solid state calcination, 
from quantitative XRD 
 700 °C 900 °C 1100 °C 
 BT 
content 
fraction 
tetragonal 
BT 
content 
fraction 
tetragonal 
BT 
content 
fraction 
tetragonal 
1 hour Trace  N/A 75±4% 28±6% 97±2% 67±3% 
3 hours 25±5% 11±3% 80±5% 31±4% >99±0.5% 74±5% 
5 hours 35±6% 12±2% 85±5% 32±4% >99±0.5% 72±6% 
 
Solid state synthesis results in unwanted zirconia in the material from the milling balls 
as seen in Figure 4.4.1.ii, and this remains in the sintered component as an impurity 
which seeds anomalous grains and is discussed in 4.5. 
While calcining after printing would remove the need for a second milling step, the total 
mass loss of a sample made with precursor material to sintering is   21 ±2% across all 
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doping variations by solid state synthesis while the shrinkage pertained to the density 
of the sintered samples as seen in Figure 4.5.3.ii. This greater shrinkage during 
calcination lead to greater warping for the alternate geometries printed with greater 
porosity. 
The calcination temperature has also been shown to have a significant effect on the 
room temperature (RT) resistivity and PTCR jump, when combined with reoxidation 
after low temperature sintering (1250 °C) with 1000 °C giving greatest resistivity and 
1125 °C giving the lowest [186]. While no reoxidation was undertaken, the sintering 
temperature has even more of an effect on the RT resistivity and PTCR jump [188] so it 
is possible that the increased calcination temperature’s effects are a result of the effect 
on the sintering as in these two studies the calcination and sintering temperatures 
overlap [186,188].  
4.1.4.2 Co-precipitation synthesis calcination 
Once mixed PTC powder synthesised by the co-precipitation route was formed, 
calcination temperature investigations found that 800 °C for 1 hour was required to fully 
calcine the dopants into the BT lattice and matches with literature [49,70]. The 
calcination was determined by XRD that there was minimal conversion to cubic phase 
from the tetragonal BT precursor as the temperature was below 900 °C, and after 
sintering the pressed material samples exhibited the expected PTCR behaviour. 
Therefore longer times and higher temperatures were not investigated. Figure 4.1.4.i 
EDX shows the more homogenous calcined compact free from agglomerates, unlike the 
SS sample in Figure 4.4.1.ii.  
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Figure 4.1.4.i – SEM of 0.3La0.08Mn calcined printed surface, with EDX (inset) 
Calcination between binder removal and sintering during a single heat cycle was the 
most time and energy efficient method of calcination, compared to calcination of the 
powder prior to paste formulation or otherwise as a separate step. As no carbonates 
were burned off, only nitrates of the dopants that formed <0.6% of the mass, the 
shrinkage was not noticeably affected and neither increase in warping nor decrease in 
density was observed when calcination was performed in tandem with sintering after 
printing compared to prior to printing. 
4.1.4.3 XRD of calcined powder 
All graphs displayed in this section have a y axis of arbitrary units and an x axis of 2Ø in 
°. Appendix A gives the XRD of the raw constituent powders used. The 0.3La0.08Mn by 
solid state synthesis displayed in Figure 4.1.4.ii was not used for printing but to show a 
comparison with the co-precipitation used for printing, as it had the largest quantity of 
dopants of all the material variations used. It shows the multiple chemicals involved in 
solid state synthesis at the quantities required as 0.3 mol% La is the greatest quantity of 
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dopant used of all the variations, yet is not revealed in the XRD patterns due to the low 
concentration, and the same is true for the even lower quantity of Mn.  
 
Figure 4.1.4.ii – The XRD patterns of the uncalcined components of 0.3La0.08Mn 
where only BaCO3 and TiO2 are observable 
The uncalcined formulations prepared for solid state synthesis all displayed the same 
peaks as shown in Figure 4.1.4.ii where barium carbonate is most prominent, followed 
by titanium dioxide as a molar ratio of 1:1 Ba:Ti results in   ̴71% of the mass of the 
uncalcined mix being barium carbonate with   ̴29% being titanium dioxide. This makes 
the associated peaks with TiO2 in the XRD smaller in comparison to the BaCO3 and 
explains why the dopants cannot be detected when they share collectively <0.3% of the 
mass. 
 
Figure 4.1.4.iii – The XRD patterns of uncalcined BT prepared for solid state synthesis 
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The synthesis by co-precipation used for 0.3La0.08Mn used BT calcined at 900 °C. The 
uncalcined mixture had the same XRD as the undoped BT due to the very low dopant 
amounts, however after calcination slight changes can be observed in the peaks in Figure 
4.1.4.iv. Quantitative analysis shows the tetragonal phase comprises 95% of the 
structure in the uncalcined material which increases to 98% after calcination. The 
crystallinity remains tetragonal after calcination into the lattice structure although there 
is significantly less change compared to La doping without Mn as seen in Figure 4.1.4.vii. 
The main change is the reduction of the (002) peak at 45.5 ° 2Ø and is likely due to the 
calcination temperature affecting the crystal structure. Heating at 1100 °C has been 
shown [71,189] to give the peaks in BT shown here for the calcined material; a stunted 
(002), while sintering level temperatures (>1200 °C) result in the more distinct split 
peaks of (002) and (200). This heat treatment is also the effect behind the other minor 
peak differences, though this is the most prominent. Temperatures in excess of 900 °C 
are required to form tetragonal phases as determined by these peaks [71,189] with full 
tetragonal crystallinity being achieved with temperatures that induce sintering. 
 
Figure 4.1.4.iv – XRD of 0.3La0.08Mn synthesised by co-precipitation with BT for use 
in printing seen before and after calcination with accompanying crystal planes 
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Figure 4.1.4.v shows the full synthesis of BaCO3 and TiO2 into tetragonal BT after 
calcination at 1100 °C. This temperature achieves maximum calcination at the expense 
of greater agglomerates compared to lower temperatures, as found in literature [71]. 
700 °C is the minimum temperature required for calcination but as well as leaving 
residual precursors and requiring a longer soaking time the BT will form a more cubic 
structure.  
 
Figure 4.1.4.v – XRD of the calcined BT by solid synthesis with almost full calcination 
of precursor material observed 
 
4.1.4.4 Crystal structure of calcined lanthanum variations 
The XRD of the calcination of the material variations synthesised by solid state are shown 
in Figure 4.1.4.vi where all variations were calcined together to remove any differences 
due to the calcination temperature differences on the crystal structure as detailed in 
2.3.4.1. The peaks can be seen to shift slightly to the lower angle with the initial addition 
of lanthanum with subsequent additions taking the peaks to the higher angle with this 
being most noticeable with the largest peak at 31.5 ° (110) but can also be seen in the 
others. This has been previously identified [50,190,191] as a result of the lanthanum 
dopants entering the lattice which have a smaller ionic radius than the barium it is 
replacing, 0.106 vs 0.135 nm respectively [50]. The increase in lanthanum decreases the 
interplanar spacing while stabilising the cubic phase [192,193].  
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Figure 4.1.4.vi – XRD of the calcined of the material variations synthesised by solid 
state with the peaks for tetragonal and cubic BT for comparison 
Figure 4.1.4.vii focuses on the (111), (002)(200) and (102)(201)(210) sets of peaks at 38.9 
°, 45.2 ° and 51 ° respectively. As a single peak for both tetragonal and cubic, the (111) 
peak at 38.9 ° enables clearer observation of the crystallographic shift between the 
different dopant levels. The other peaks demonstrate the stabilisation of the cubic 
phase. Cubic BT is fully stable at 1 mol% of lanthanum, with tetragonal being the 
dominant phase up to 0.4 mol% [50] so the variations investigated here remain mostly 
tetragonal but the shift from tetragonal can be identified by the peak morphology 
changes as (002) and (102)(210) reduce in intensity next to (200) and (201).   
   
   
 (
0
0
1
) 
   
   
   
   
 (
1
0
0
) 
 
(1
0
1
) 
   
   
 (
1
1
0
) 
  (
1
1
1
) 
    
   
   
(0
0
2
) 
   
   
   
   
 (
2
0
0
) 
 (1
0
2
) 
   
  (
20
1
) 
(2
1
0
) 
    
   
 (
1
1
2
) 
   
   
   
   
 (
2
1
1
) 
    
   
(2
0
2
) 
   
 (
2
2
0
) 
  (
21
2
) 
(3
0
0
) 
   (
1
0
3
) 
   
 (
3
0
1
) 
 (1
1
3
) 
  (
3
1
1
) 
 
 
Results and Discussion 
 101 
 
 
 
Figure 4.1.4.vii – Crystal peak shift across calcined material variations; (top) (111), 
(middle) (002)(200) and (bottom) (102)(201)(210) sets of peaks    
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The peaks at 45 ° have been altered by the molar ratios of Ba:Ti; greater concentrations 
of lanthanum substitutions at the barium A-sites increases the c/a ratio of tetragonal 
distortion from 1.0035 for the undoped BT to 1.007 for the 0.135 mol% La which then 
reduces drastically to 1.001 for the 0.401 mol% La and returns closer to the undoped 
tetragonal proportion with increasing dopant concentration to 0.535 mol% [194,195]. 
This difference in tetragonal distortion, is the cause behind the 0.15 ° reduction in angle 
for 0.135 mol% La and the increase in angle by 0.25 ° for the 0.401 mol% La, when 
compared with the peaks of undoped BT. The increase in lanthanum doping increase the 
proportion of tetragonality up to a peak at 0.25 mol%, after which the cubic phase begins 
to stabilise more [194,195] as seen in the quantification of phases in Figure 4.1.4.vi and 
observed in Figure 4.1.4.vii as noted elsewhere in literature [43]. 
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4.2 Paste formulation from powder 
4.2.1 Paste variations 
Several paste formulations were investigated with a focus on aqueous paste. Initially, a 
paraffin wax based solvent was devised to investigate the findings of Wegmann et al 
[172] as a route that did not require gelation or drying of a formation as well as the use 
of pine oil as a solvent [27], although were discontinued in favour of aqueous based 
systems. Aqueous pastes allow greater control of the rheology for micro-extrusion, as 
the non-aqueous methods were developed primarily for macro-extrusion and present 
significant difficulties in fully removing organic residue. The rheological behaviour of a 
paste means that at rest/over time it will not result in a level surface but will retain the 
shape to which it plastically flowed as shown in Figure 4.2.1.i. 
 
Figure 4.2.1.i – The appearance of paste or viscoelastic solid that is suitable for 
deposition by micro-extrusion 
 
4.2.2 Dispersant and solids loading 
Aqueous BT paste was investigated to determine the limits of a useful paste, and then 
further the optimal limits of the rheological characteristics to ensure a printable paste. 
First, it was discovered that an aqueous suspension of BT could yield a printable paste 
in a very narrow range of solids loading by Van de Waals forces alone, with no viscofier 
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when using a minimal amount of dispersant – 70 wt% solids with 0.5 wt% dispersant. 
Below this solids loading the suspension would not form a paste, while above it required 
greater amounts of dispersant to prevent solidification and non-homogenous mixing. 
The investigation is shown in Figure 4.2.2.i as viscosity vs shear rate. All compositions 
yielded shear thinning properties – a necessity for extrudable pastes.  
 
Figure 4.2.2.i – Rheology of BT paste investigating dispersant concentration with 
solids loading content 
While 70 wt% solids 0.5 wt% dispersant represented the lower limit of a printable paste 
without binder, by increasing the solids to 75 wt% the dispersion within the suspension 
was no longer adequate. This resulted in a paste that seemed adequate upon initial 
inspection but the rheological behaviour displayed that of a ‘collapse’ in viscosity above 
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a shear rate of 10 min-1, where the aggregates separate out of the paste leaving a watery 
lumpy suspension unsuitable for printing. When reducing the solids loading to 60 wt%, 
the rheological behaviour mirrors that of 70 wt% but with a consistently lower viscosity 
(  ̴3x lower), too low for adequate printing. Increasing the dispersant concentration for 
70 wt% solids to 1 wt% only affected the viscosity in the shear rate region > 5 min-1 which 
dropped to   ̴½ the viscosity while < 5 min-1 remained the same. This shows that the 
solids loading has a greater effect on viscosity than dispersant, while an adequate 
dispersant concentration maintains a smooth viscosity relationship with increasing 
shear rate. By further increasing the dispersant concentration to 1.5 wt%, for 75 wt% 
solids there is only a marginal drop in viscosity < 5 min-1 compared to 0.5 wt% dispersant 
while there is no longer a drop in the viscosity – shear rate relationship after this. 
Interestingly, with an increase in solids loading to 82 wt%, the low shear range is 
marginally lower than for 75 wt%. With a further increase to 87 wt% the viscosity is 
significantly higher yet stable, as the solids loading is increased to the limit the Darvan 
can disperse, as with the 70 wt% solids 0.5 wt% Darvan.  
 
Figure 4.2.2.ii – The effect of dispersant content on viscosity with no viscofier, high 
solids content (SC) and low solids content (SC), at 200 min-1, errors based on standard 
deviation of 3 measurements per point 
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Figure 4.2.2.ii shows the viscosity at high shear rate (200 min-1) for 75 wt% solids loading 
(33 vol%), referred to as low solids content, and 82 wt% solids loading (43 vol%), referred 
to as high solids content. It demonstrates the clear relationship that dispersant has in 
reducing the viscosity. The relationship is polynomial with a decreasing particle 
dispersion giving greater viscosity. As previously documented [84] 2 wt% of ammonium 
polyacrylate dispersant gives full dispersion in a suspension regardless of solids loading. 
Without viscofier, use of 2 wt% or higher dispersant does not allow the formation of a 
printable paste, with levels of solids loading greater than 87 wt% transitioning from a 
viscous fluid with added solids no longer dispersing into the medium, and rapidly drying 
out at room temperature, regardless of covering to prevent evaporation. 
 
4.2.3 Viscofier variations 
Aqueous BT paste was formulated with HPMC as a viscofier in varying concentrations. 
Along with the solids loading content, the final HPMC was calculated taking into account 
water loss expected during formulation. Afterwards, the actual wt% value of HPMC was 
recorded, and was typically within ±0.3 wt% of the planned value. As expected, the 
increase in wt% of HPMC increased the viscosity of the paste, and is seen in Figure 
4.2.3.i. A low solids loading of 55 wt% with 4 wt% HPMC (2 wt% Darvan) had similar 
viscosity to the highest viscosity paste without viscofier in Figure 4.2.2.i, 87 wt% with 1.5 
wt% Darvan. However this, along with the other high viscofier wt% pastes begins to 
undergo a collapse in viscosity greater than the > 20 min-1 with a total drop in the 
viscosity by 70 min-1. This is due to the untangling of the long polymer chains in the 
viscofier [181]. 
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Figure 4.2.3.i – Rheology of BT paste investigating viscofier concentration with solids 
loading content 
The effect of solids loading despite the high dispersant content (reducing the effect of 
solids loading on viscosity) in increasing the viscosity along with the viscofier can be seen 
when comparing the 5 wt% HPMC with zero solids to 75 wt% solids in Figure 4.2.3.i. For 
comparison an 85 wt% solids loading is included with no viscofier and is the least viscous 
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paste. The  zero solids paste has an almost rheology to 70 wt% solids with 1.8 wt% 
HPMC, while the 5 wt% HPMC with 75 wt% solids has an extremely high viscosity at low 
shear rates, forming more of a difficult to mould putty than a paste that only broke down 
at higher shear rates. Interestingly the zero solids loading paste is the only paste > 2 wt% 
HPMC that does not undergo a collapse in viscosity at high shear rates indicating that 
this drop is not due to the shear rate, between the paste and the rheometer plates 
alone, but is inherently due to the relationship between the HPMC polymer chains and 
the solids loading particles [181]. The levelling of the 5 wt% HPMC with 75 wt% solids at 
very low shear rates where the viscosity should asymptote to infinity by 0 is due to wall 
slip inherent to the measuring process [180]. 
 
Figure 4.2.3.ii – Effect of viscofier content on yield stress at 82 wt% solids and 2 wt% 
dispersant. The shaded region represents the printable yield stress. 
Figure 4.2.3.ii shows the yield stress for different viscofier content on high solids loading 
well dispersed paste (82 wt% solids, 2 wt% Darvan). For this composition, 0.75 wt% 
viscofier was the lowest yield stress while remaining a printable paste by modifying 
printing/drying parameters, as near 100 Pa it became increasing difficult to modify these 
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parameters enough to maintain a dimensionally accurate extruded sample. Yield 
stresses respectively near 10 kPa were the maximum limit of printable paste, as the 
flowrate required lowering to ensure smooth extrusion, while higher yield stresses made 
the paste act more like a putty, requiring shear forces to flow not possible to achieve 
with the extrusion equipment. However, for future work this may be useful to combine 
with a heated extruder which cools on deposition, the opposite of the system used here, 
utilising the temperature dependent properties of HPMC to lower the yield stress and 
viscosity to the printable range. HPMC concentrations >2 wt% also led to significant 
warping, covered in 4.4.4, so it was optimal to achieve the printable yield stress through 
a combination of high solids loading, low dispersant and low viscofier. As well as 
reducing warping this also reduces the overall additive content in the paste. The total 
organic additives in the pastes were < 3 wt% which is significantly lower than the 10 – 
40 wt% organic content used for ceramic micro-extrusion in previously reported 
literature [87,152,165,176]. 
 
4.2.4 Dopant variations 
All variations were developed with 2.5wt% dispersant, 80 wt% solids loading, 1.2 wt% 
viscofier although slight variations between the final amounts for each paste resulted 
due to the process. This resulted in the errors of ±0.2 wt% dispersant, ±0.7 wt% solids 
loading and ±0.1 wt% viscofier, where the solids loading began as ±2.5 wt% but could be 
modified in situ to reduce the error. This is because the final content of the paste 
depends both on the original quantities added and the water loss during high 
temperature mixing of the viscofier. This can only be controlled by maintaining the same 
quantities of water, additives, solids, beaker size and time for heating but there is still 
variation in the process inherent to the lab scale small quantities used.  
Figure 4.2.4.i shows the effect of La variation on the yield stress and viscosity at 20       
min-1. While yield stress is roughly consistent with 0.135La as an outlier the viscosity is 
scattered substantially although appears to increase with increased La content, if 0.40La 
is not taken as an outlier. As well as the variation in content resulting from errors in 
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additives and solids loading, there are several other factors that may be affecting this 
difference aside from the La content. Mixing has an effect on the rheological properties 
– a paste without proper mixing will have a heterogeneous/inhomogeneous dispersion 
content which gives unrepeatable inconsistent rheological measurements. To mitigate 
this effect, after the solids were all added and appeared well mixed, the paste was left 
to mix for a further 30 minutes before the addition of viscofier, as this was found to give 
a smoother paste with more consistent rheological properties. However, there may still 
be some variation with paste that was left stirring longer than 30 minutes as this was 
not controlled for. Another factor causing measurement error may be the temperature 
dependent aspects of the HPMC, which breaks down reducing viscosity and yield stress 
at warmer temperatures. Rheology was typically taken soon after mixing, and the pastes 
were not left an equal amount of time to cool, although any outlying results due to this 
were retaken after 24 hours. However, residual heat for the data not retaken may be a 
factor in the inconsistent relationship seen.  
 
Figure 4.2.4.i – Effect of La variation on the yield stress and viscosity at 2.5wt% 
dispersant, 82 wt% solids loading, 1.2 wt% binder. Propagation of uncertainty 
calculated for error bars 
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The La content is a very small amount of the overall solids content and shows less 
consistency than expected with variation. An increase was expected as similar quantities 
of La has been shown to increase viscosity in alumina paste [196]. As no other 
investigations have been done into lanthanum’s effect on ceramic slurry viscosity it is 
uncertain the level of effect this has the inconsistent rheology – la content relationship 
here, although the effect is within that seen by Biswas et al [196]. 0.135La is an outlier 
in yield stress but has a corresponding increase in the viscosity too. This demonstrates 
that rather than being an error in measurement of the yield stress, the paste may be 
more agglomerated or occupy a sweet spot in particle size distribution which allows for 
an increase in the viscosity and yield stress. 0.42La however has a significantly greater 
viscosity than the other La variations whilst having the lowest yield stress. This is more 
likely than 0.135La to be a measurement error [180], although it is not certain it is from 
other factors. 
 
4.2.5 Summary of paste formulation 
To achieve a desirable paste for printing, the optimal value (or range of values) is shown 
in Table 4.2.5.i. While pastes can be printed outside of this range, in combination with 
the printing parameters summarised in 4.3.5, this narrow range is the suggested point 
to continue research from for scaling up from a laboratory setting. Within this range, 
with the printing parameters altered accordingly, reliable printing can be undertaken.  
Table 4.2.5.i – Parameters for paste formulation for optimal properties 
Formulation Rheology 
Solids loading Dispersant HPMC Yield stress Viscosity at 200 min-1 
80 – 85 wt% 2 wt% 2 wt% 1 – 3 MPa 1 – 3 Pa·s 
 
A high solids loading of 80 – 85 wt% allows for minimal shrinkage on drying, whilst 
retaining enough aqueous solvent to prevent room temperature drying over the 
duration of the printing. A dispersant content of 2 wt% is required to achieve a 
homogenous, smooth paste at this solids loading, allowing for good control of the 
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rheology with the viscofier. HPMC is used as both the viscofier and binder, which 
reduces the total additive content required for burnout, and is eco-friendly. Higher 
amounts of this result in greater warping of the print upon drying, and in combination 
with the chosen solids loading, a yield stress too great for printing in a layer by layer 
fashion. 2 wt% is optimal to achieve the yield stress required with 80 – 85 wt% solids 
loading. The viscosity of the paste will be increased in tandem with the yield stress, 
however, as a shear thinning visco-elastic material, the viscosity under shear stress 
through the nozzle remains low and therefore consistent and printable. 
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4.3 Micro-extrusion / robocasting 
4.3.1 Print formulation rheology 
The printable range identified in 4.2.3 was investigated with paste at either limit of the 
range, not just within the optimal region identified in 4.2.5. This was to give further 
insight into the rheological behaviour across a more extreme breadth of properties. A 
paste with 82.5 wt% solids content, 0.5 wt% Darvan, 1.2% HPMC, referred to as high SC 
and 75 wt% solids content, 0.5 wt% Darvan, 1.2 wt% HPMC referred to as low SC were 
formulated for rheological characterisation. 
4.3.1.1 Yield stress 
To determine the pastes were at the boundaries of the printable range, the yield stress 
(σy) was taken under constant shear rate of 54 min-1, seen in Figure 4.3.1.i. The 
maximum shear stress is the yield stress, although the low SC paste requires constant 
stress to maintain plastic flow after achieving the yield stress of 150 Pa. The constant 
stress required demonstrates the smoothness of the paste with the properties of a 
viscoelastic solid with a negligible elastic portion. The high SC paste requires a 
substantial amount of shear stress to overcome elastic flow and initiate plastic flow, 
which results in a significant decrease in the stress required to maintain plastic flow, 
minimising at 300 Pa after 85 seconds. While each paste as a similar amount of viscofier, 
and therefore similar chemical bonds from the polymer chains, there is a much greater 
amount of physical-chemical interactions due to the higher solids loading. These require 
a much greater force to overcome and untangle the polymer chains from the ceramic 
particles. Because the elastic region is much greater for the high SC, during extrusion the 
flowrate must be slowed to prevent elastic deformation of the paste after deposition. 
For yield stresses greater than the high SC here, the flowrate required was too slow to 
be practically useful at <0.5 mm/s. 
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Figure 4.3.1.i – Yield stress test by shear stress as a function of time at constant shear 
rate for low SC and high SC paste 
 
4.3.1.2 Viscosity 
Figure 4.3.1.ii shows viscosity as a function of shear rate for the high and low SC pastes. 
The viscosity close to zero is significantly higher for the high SC paste although with 
increasing shear rate does not reduce as smoothly as the low SC paste. By 70min-1 the 
pastes have the same viscosity while with increasing shear the high SC loses viscosity 
slightly more than the low SC. After this point the low SC paste begins to become less 
smooth, and continues slightly unstable after reducing back to 70 min-1 before smoothly 
recovering with only slightly lower viscosity back to 0. However, the high SC paste 
experiences a collapse in viscosity at 170 min-1 which does not recover with reduction in 
shear rate. The collapse is likely due to the measurement plates no longer being in 
contact with much of the paste due to the viscoelastic properties of the high SC paste. 
The thixotropic behaviour of the paste seen in Figure 4.3.1.i shows the reduction in 
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stress required for plastic flow with increased time under stress; this thixotropic 
behaviour along with the extremely high stress required to overcome elastic 
deformation of the paste leads to the paste being dragged between the plates until the 
paste is no longer in contact [85,88,180]. 
 
Figure 4.3.1.ii – Effect of shear rate on viscosity for low SC and high SC paste 
Figure 4.3.1.iii shows the shear stress as a function of shear rate and shows very similar 
behaviours to both pastes’ viscosity in 4.3.1.2, as viscosity is the time dependent factor 
of shear stress and is therefore related. The shear stress in the high SC is not significantly 
higher drops below that of the low SC paste at only 30 min-1 and continues to decline 
while the low HC paste maintains a constant shear stress. The rheological behaviour 
displayed in these two graphs, despite the respective differences between the high and 
low SC, show definitive shear thinning behaviour of a viscoelastic solid paste. This shear 
thinning behaviour is similar to the reported literature for other ceramic pastes 
formulated for micro-extrusion such as alumina and PZT [152,165,176]. Despite the 
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similar viscosity and shear stress behaviours of the pastes, the key difference comes 
from the yield stress, and this requires the tailoring in the printing parameters in order 
to print dimensionally accurate samples with them. 
 
Figure 4.3.1.iii – Effect of shear rate on shear stress for low SC and high SC paste 
 
4.3.1.3 Storage and loss modulus 
Figure 4.3.1.iv shows the amplitude sweep of the low and high SC paste. At low strain, 
the storage and loss modulus have a linear viscoelastic relationship (LVER) with the 
storage modulus greater than the loss modulus. This represents a paste with excellent 
solid state structural stability, as others have documented [176], displayed until the 
storage modulus begins to decrease at the point of critical strain of 0.2% for the low SC 
and the paste elastically deforms representing the end of the LVER. For the high SC paste 
it can be seen that this occurs at 0.6% and demonstrates the extra stiffness in the paste. 
The slow decrease in G’ for both pastes after the critical strain shows that both flow 
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smoothly with a gradual structural breakdown, whereas a sharp decline would indicate 
brittle fracture and ‘clumpy’ breaking of the solid state.  
 
Figure 4.3.1.iv – Storage modulus (G’), loss modulus (G’’) and complex viscosity of the 
high and low SC paste 
Once the G’ is less than the G” which appears as a crossover point in the graph, the paste 
deforms plastically, displaying liquid state behaviour and represents the end of the 
elastic region. Interestingly, the high SC paste has a slightly higher flow transition index 
(critical strain/flow initiation strain) when it would be expected to be lower. Non-
printable pastes did demonstrate a high flow transition of brittle fracture with higher 
solids loading but this is mitigated by the viscofier, which transforms it into a viscoelastic 
solid with incredibly high stresses required to flow instead, higher than achievable with 
the rheometer. The yield stress can also be determined by this method although does 
not give results completely the same as the dedicated test in 4.3.1.1, as this test is under 
constantly increasing stress, hence the measuring term amplitude sweep as opposed to 
constant stress used in 4.3.1.1. In this case, the yield stress is taken as the shear stress τ 
at the strain of the crossover point, giving the low SC paste a slightly higher yield stress 
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of 200 Pa and the high SC paste 1200 Pa, significantly lower than the 8600 Pa measured 
in the constant stress test. 
 
4.3.2 Printing parameters 
4.3.2.1 Pressure 
Figure 4.3.2.i demonstrates the lines extruded with alternating pressure, showing how 
the width was gathered under microscope and the appearance of lines with insufficient 
pressure. The insufficient pressure to extrude a coherent line depended on the speed 
and also the nozzle height above the substrate. For this test the nozzle height was kept 
at constant 130 µm to determine effects of pressure. As this is test only used pressure 
to extrude the paste through the nozzle, it only determines the lower limit for pressure 
in use with the auger valve used for printing, to supply sufficient paste to the screw.  
 
Figure 4.3.2.i – The standard test with different speeds and pressures, and the 
extruded lines under microscope 
Figure 4.3.2.ii shows the relationship between the extrusion width through the 560 µm 
nozzle and the speed and pressure of the extrusion which determines the deposition 
rate. A meaningful relationship can be determined for the speed and extrusion width, 
while under adequate pressure this variable is replaced by flowrate determined by the 
auger screw for the printing of samples. However, the equipment was not able to 
accurately measure the extrusion width for the extrusion via auger screw. The 
relationship as expected is that slower speeds and higher pressures both result in a 
greater extrusion width. There is a log relationship between the speed and extrusion 
width due to the increased flowrate with lower speeds. Once the extrusion width drops 
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below the nozzle diameter the width of the extrusion is no longer being constrained by 
the nozzle walls, and leads to a greater inconsistency in the extrusion width during a 
continuous extrusion at constant parameters. Figure 4.3.2.ii shows that 1 bar is 
inadequate pressure to extrude greater than the nozzle diameter while >2 bar is 
adequate for speeds <30 mm/s. This also explains why the extrusion width for 1 bar with 
increasing pressure undergoes a relationship more negative than for the other pressures 
due to its inconsistency.  
 
Figure 4.3.2.ii – The extrusion width as a function of speed (top) and as a function of 
pressure (bottom), with errors based on the standard deviation where each point is 
based on 5 measurements of the same line (and accuracy of the air pump) 
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4.3.2.2 Deposition rate as a function of speed and flowrate 
The dimensional accuracy of the print was highly dependent on the relationship 
between printing speed and flowrate, which was around a ratio of 1 mm/s printing 
speed to 11 μl/min flowrate through the 560 μm nozzle for porous samples. This controls 
the overall deposition rate of the paste and the exact ratio needed to be modified 
slightly depending on the paste rheology but more so on whether the print was solid or 
porous, which is discussed in 4.3.2.4. The speed was held at 5 mm/s and the flowrate 
modified by ±2 μl/min from 55 μl/min except where greater drying was required – the 
speed was lowered in respect with the ratio in order to allow more time for drying the 
layer of the low SC pastes. The deposition rate with this ratio was vital in the relationship 
with layer height. The need to tweak the deposition rate parameters between pastes 
was a result of the effective layer height changing with different rheological behaviour 
– a greater deposition rate would be required if the paste flowed slightly out of shape 
as it would reduce the effective layer height. This ratio of 1 mm/s : 11 μl/min was 
determined based on a layer height of ¼ of the nozzle diameter, or 137 μm for the 
standard 560 μm nozzle. This was tweaked dependent on paste but a required change 
greater than ±5 μm was instead translated to a slower speed (and thus an increase in 
deposition rate), to allow extra drying time in the current layer and is detailed in 4.3.4.   
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Figure 4.3.2.iii – Printing with below optimal deposition rate  
As not enough paste is deposited upon the nozzle path, voids appear as the viscoelastic 
properties of the deposited paste ensures that gaps in the nozzle path do not refill with 
subsequent layers, or adjacent nozzle path deposition as would be expected of a fluid. 
They not only remain open voids but prevent any further deposition in that position of 
the nozzle path on subsequent layers as the low deposition rate cause the paste to ‘skip 
over’ the void adhering only to the paste either side. This causes voids that only in 
increase in size during the print as can be seen in Figure 4.3.2.iii through multiple layers.  
4.3.2.3 Layer height 
The layer height in polymer extrusion printers operates on a rule of thumb of layer 
height is 80% of nozzle width, however after trials of ceramic paste the optimal layer 
height was found to be around 25% of the nozzle diameter. The layer height is 
dependent on the correct amount of deposited paste being ‘squashed’ down by the 
nozzle itself to create a flattened filament along the nozzle path, which blends into the 
adjacent nozzle paths and the layer underneath. If the layer height is too low, extruded 
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paste is forced sideways from the nozzle leading to less dimensionally accurate edges in 
solid samples and struts in porous samples but more importantly forces the already 
deposited paste upwards to make room in solid samples. This leads to the nozzle 
dragging around the print as it deposits below the surface layer, leading to significant 
distortion of the geometry as seen in Figure 4.3.2.iv. A layer height greater than optimal 
is not dissimilar to a lesser than optimal deposition, rate although the voids appear 
multiple layers in rather than throughout due to the cumulative effect of suboptimal 
layer height.  
 
Figure 4.3.2.iv – Print distortion caused by the nozzle tip depositing below the current 
layer height 
Each layer is built on top of the previous layer allowing for adhesion or miscibility with 
the previous layer but this leads to separate settings required for the first layer which is 
applied directly onto the print bed or substrate. The material properties required are 
discussed in 4.3.2.2 but the first layer height would be different to all subsequent layers 
and vital to the success of the print. No accurate information was gathered on the exact 
first layer heights involved because the equipment was setup so that the nozzle distance 
from the print bed for the first layer was set with a manually turned screw rather than 
digital levelling. The first layer had to be modified for each individual print, which could 
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be modified with more accuracy in the ‘first layer height’ setting but that true distance 
could not be measured. It can therefore not be stated whether the initial layer height is 
greater or lesser than the subsequent layer heights. The first layer would need to adhere 
well to the bed and therefore be ‘squashed’ more than subsequent layers, but the layer 
being too low would reduce the deposition rate of the paste as it the nozzle would 
effectively be blocked by the bed. All successful prints therefore have a slightly wider 
and less dimensionally tolerant base, while the layer height being too great would 
immediately lead to all subsequent layers being too great and therefore voids. 
4.3.2.4 Infill density to form solid prints and porous prints  
The slicing parameter modified to change the pore size of a CAD design is the infill 
density, whereby theoretically 100% is fully solid assuming the nozzle path/extrusion 
line is the width of the nozzle diameter. As this is not the case, 100% density leads to an 
excess of paste extruded into the build volume. 33 ±3% density was found to be optimal 
for solid prints using Cura slicing software, with ±3% dependent on the other parameters 
such as layer height and rheology. 15% density was used for porous prints, however this 
could be varied to alter the pore size from 0% to   ̴25% when the parameter requirements 
would begin to overlap, resulting in a failed print rather than a successful solid or porous 
print. Figure 4.3.2.v shows the nozzle path at these various densities in the slicing 
software. The relationship between infill density and deposition rate is important for the 
solid samples to ensure the correct volume of paste is deposited, but for porous samples 
the infill density was effectively a constant single wall, with overlaps that rounded the 
pore edges. The more important factor for porous samples with deposition rate is the 
layer height. 
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Figure 4.3.2.v – Slicing of different infill density; 15 % (left), 33 % (middle), 100 % 
(right) 
Differences in printing parameters were required depending on the geometries being 
printed, specifically whether the extrusion was required to form a solid shape where 
each extrusion from the nozzle blends with each adjacent extruded strip to fill in the two 
dimensional cross section, or whether the extrusion would be mostly a series of one 
dimensional lines so that each extruded line does not blend with adjacent ones for the 
most part. In the case of the latter, the print would require parameters to allow for both 
the one dimensional lines or ‘walls’ and where the lines intersect. Figure 4.3.2.vi shows 
the typical geometries in each case.  
 
Figure 4.3.2.vi – Green prints of porous shapes for heater applications and solid for 
material comparison with pressed samples 
In porous prints, if the deposition rate was too great the paste would be pushed into the 
pores reducing their size but not resulting in a failure. At intersecting points there 
needed to be enough of a blend between adjacent extrusions to form a coherent single 
body whilst retaining the definition of the walls and pores. In a solid print the window 
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of optimal parameters was narrower, as the cumulative effects of too little or too much 
paste would build up a greater rate due to the greater length of extrusion required and 
without pores to store any slight excess paste on the side of the wall.  The relationship 
between printing speed and flowrate was around a ratio of 1 mm/s printing speed to 11 
μl/min flowrate for porous samples and a ratio of 1 mm/s printing speed to 6.5 μl/min 
flowrate through the 560 μm nozzle for solid samples; a significant difference. The layer 
height was also significantly lower for the porous samples at 137 μm compared to 270 
μm for solid samples as the paste is required to be squashed onto the substrate layer 
below which inevitably results in an extrusion width greater than the nozzle diameter as 
detailed in 4.3.2.1. In solid samples this paste merges with adjacent paste and to 
maintain dimensional accuracy, i.e. not bulge out of shape, the height of each extruded 
path is greater as a result. A fine balance of deposition rate to layer height is required 
where enough paste to fill the volume is required to avoid voids, without overfilling it to 
avoid bulging and dragging. 
4.3.2.5 Infill overlap with the perimeter wall 
The infill density determined the nozzle path along the interior of the build volume with 
the perimeter wall being the external path around the edge. The infill overlap is the 
extent to which these two paths overlap with each other, as shown in Figure 4.3.2.vii. 
The perimeter wall is extruded first and then the enclosed area filled in with the infill 
density; the perimeter wall defines the exterior of the geometry and the infill overlap 
must be determined depending on the extrusion width, to ensure the infill and 
perimeter connect without overfilling the volume or leaving gaps.  
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Figure 4.3.2.vii – Slicing of different infill overlap; -100% (left), -47% (middle), +100% 
(right) 
Corners were particularly susceptible to the infill overlap and were therefore used as a 
measure to ensure correct settings. An infill overlap that was too high resulted in an 
overfilling of the solid volume, giving a bulge to the perimeter wall and particularly the 
corners, which would leading to dragging initiating from the corners after cumulative 
layers as seen in Figure 4.3.2.iv. Too low infill overlap would lead to voids between the 
infill and perimeter as seen in Figure 4.3.2.viii along with the initial layers of an optimised 
infill overlap. The overlap is important during the initial layer because it determines the 
dimensional accuracy and homogeneity of the print – the infill must adhere/blend with 
the perimeter otherwise the freshly extruded infill, which still retains elastic 
deformation from the extrusion, can recover between two infill hatching lines, if the 
infill lines adhere to each other but not the perimeter. This leads to a ‘snaking’ of the 
extruded line, increasing the size of the void between the infill and perimeter which 
results in a failed print. Paste with a lower yield strength is less likely to be affected by 
this and may instead flow further upon deposition to adhere to nearby extruded lines 
rather than spring back, meaning a lower infill overlap is required. The infill overlap did 
not require altering between solid and porous prints, as both require the infill to adhere 
to the perimeter the same amount, and despite being affected by the paste rheology, 
only required minimal altering between the high SC (-5 %) and low SC pastes (-15 %) (at 
the opposite ends of printability) once the initial infill overlap for printing BT based paste 
had been determined as -10 %. This means 10% of the nozzle width was left between 
the perimeter and infill nozzle paths, where a positive value would be an overlapping of 
the paths. 
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Figure 4.3.2.viii – Inadequate infill overlap and infill density displayed in first one and 
a half layers (left) and optimised infill overlap and infill density in first two layers 
(right) 
 
4.3.3 Adhesion to the print bed 
During the first layer of printing the paste must adhere to the print bed with enough 
adhesion that the force of the printing of subsequent layers ‘squashing’ onto previous 
layers does not dislodge the print whilst being removable following the completion of 
the print. A polypropylene substrate was taped to the print bed to allow for removal 
from the print bed and for a smooth surface with adequate adhesion that could be 
tailored by the application of coatings. Petroleum jelly and polytetrafluoroethylene 
(PTFE) spray were investigated for use in varying quantities. Petroleum jelly was found 
to be most appropriate at low temperatures (<35 °) of the heated bed while PTFE was 
found to be more appropriate at higher temperatures. The petroleum jelly could be 
wiped onto the substrate prior to printing and spread thinly to provide an adequate 
amount of adhesion during printing and easy removal after drying.  
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Figure 4.3.3.i – Optical microscopy of the underside of the corner of a solid printed 
sample showing the corner printed with petroleum jelly at a high temperature.  
At higher temperatures the petroleum jelly would melt prior to application of the first 
layer and no longer provide a hydrophobic coating between the print and substrate, 
whilst resulting in many voids as seen in Figure 4.3.3.i along with a visible ‘crease’ 
between the perimeter and infill. The liquid petroleum jelly becomes trapped 
underneath forming bubbles in the case of the initial extruded perimeter, while the later 
printed infill pushes it to the sides of the infill or into the middle as can be evidenced by 
the large void. Therefore, at higher temperatures PTFE spray is more desirable. As a 
hydrophobic coating it needs to be applied very thinly by being wiped off the substrate 
with a cloth to leave a seemingly negligible layer behind. This is more difficult to apply 
in correct quantities with too much leading to similar effects as seen in Figure 4.3.3.i 
along with delamination in the first layer along with the ‘snaking’ elastic recovery being 
seen as described in 4.3.2.5 being much harder to avoid. Too little and the printed 
sample can be damaged upon removal from the print bed. 
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4.3.4 Drying procedures 
All prints needed to be mostly dried before being removed from the substrate to 
maintain structural stability upon handling. For paste with a lower yield stress drying in-
situ/during printing would allow for the lower layers to maintain structural stability as 
further layers were printed on top rather than flowing out of shape due to both the time 
required to print (thixotropic tendencies) and the force applied by the nozzle ‘squashing’ 
subsequent layers on top of lower ones. For low SC pastes in-situ drying also prevented 
warping which was more prevalent if dried fully after printing. For high SC pastes and 
pastes with a high yield stress no drying was required beyond room temperature as the 
structural stability was inherent in the paste, with a 30-60 minute waiting period to dry 
in room temperature air before it was removed from substrate. For low SC pastes and 
pastes in-between the low SC and high SC, drying was determined to be required at the 
temperatures shown in Figure 4.3.4.i. If the drying temperature was 5 °C lower than this 
the lower layers of paste would bulge outwards in a buttress formation causing the 
upper layers to sag downwards and leading to voids due to the effective height between 
nozzle and current layer increasing. If the temperature was too high then the sample 
would warp and flake.  
 
Figure 4.3.4.i – Drying temperature required for optimum structural stability  
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4.3.4.1 Heated bed 
The print bed was heated and controlled by the accompanying printing software, which 
also gave an output reading of the measured temperature as well as the input 
temperature set. The bed by itself could achieve 55 °C in drying due to the limited power 
input but with an external heater could heat further to >100 °C, although >80 °C became 
impractical as the temperature gradient from the bed to the top of the print as more 
layers are deposited becomes steeper and ineffectual, and warps the polypropylene 
substrate. High SC pastes begin to flake at higher temperatures as they dry out rapidly 
before the newer layers have had time to dry slightly or delaminate from the substrate 
completely, so lower bed temperatures are used to gradually dry the first few layers to 
support further layers and prevent a buttress formation as seen in Figure 4.3.4.ii. 
Therefore for medium viscosity paste the heated bed was turned off once the build was 
half complete to prevent the negative effects of further drying, and then allowed to dry 
in air upon completion.  
 
Figure 4.3.4.ii – The buttress formation in the lower layers of a printed sample 
without bed drying 
 
 
Results and Discussion 
 131 
4.3.4.2 IR lamp 
Lower viscosity pastes required greater temperatures continuously but this resulted in 
warping, and so bidirectional heating was done from below and above with the 
supplementary use of an IR lamp. For medium viscosity pastes this was used 
intermittently to maintain a steady temperature as measured by the heated bed control 
feedback. This allowed for the overall temperature to be increased beyond the 
capability of the heated bed alone to higher temperatures to ensure drying of low 
viscosity paste that could allow for optimum printing otherwise not possible without 
high temperature drying. For medium viscosity paste however, the IR lamp was still key 
in providing a more uniform drying to prevent warping. In Figure 4.3.4.iii a medium 
viscosity paste is shown with an optimum drying temperature of 55 ±3 °C, where the 
results of room temperature drying show a complete lack of dimensional structure due 
to the elasticity of the viscofier after being left over time, whilst at very high temperature 
the sample can be seen to warp and delaminated from the bed before the print was 
complete. 
 
Figure 4.3.4.iii – Effect of drying temperature on the 3D printed parts for paste with a 
400 Pa yield stress 
 
4.3.4.3 Post printing drying 
After printing the samples medium and high viscosity samples were left to dry in room 
temperature air, requiring less time before removal with a greater yield stress, but the 
low viscosity were dried under bidirectional IR lamp with heated bed for 10 minutes 
prior to room temperature drying to ensure that the latest layers dried further, to 
prevent flowing out of their extruded dimensions. Drying in room temperature was 
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found to be adequate on the polypropylene substrate whilst oven drying resulted in 
warping of the substrate, preventing its reuse, and also the samples likely due to the 
rapid onset of the heat causing internal gradients within the samples. <40 °C did not 
show warping but gave little time benefits for drying while greater than this led to the 
effects mentioned. 
4.3.5 Summary of printing parameters 
To summarise an optimal printing parameter range to match the optimal paste 
formulation given in 4.2.5, a collation of results from throughout 4.3 is presented in 
Table 4.3.5.i. This data is based on use of a 560 µm nozzle width, which allows for my 
rapid printing of an entire component compared to a smaller nozzle, but at the expense 
of resolution. An adequate pressure must be provided to overcome the paste’s yield 
stress and fill the auger screw for deposition. As the auger screw determines the 
deposition rate, the pressure is only important suffice that supplies an uninterrupted 
flow of paste and does not affect the final print (unless too low).  
Table 4.3.5.i – Optimal printing parameter range for optimal paste  
Pressure Deposition 
rate 
Layer 
height 
1st layer Infill 
density 
Substrate Drying 
2 – 3 bar 5 mm/s  
55 µl/m 
¼ 
nozzle 
width 
½ layer 
height 
½ 
deposition 
rate 
30 – 35 % 
Cura 
-5 % 
overlap 
Balanced 
adhesion and 
hydrophobic 
Homogenous 
post print  
 
A ratio of 1 mm/s : 11 µl/m has been determined to be best, with an optimal speed of 5 
mm/s the flowrate may be ±2 µl/m depending on the paste properties. With the use of 
large batch formulation of paste with repeatable properties, the deposition relationship 
can be further refined allowing for an increase in speed while retaining an accurate 
deposition. The 1st layer requires parameters to the rest of the print and is very 
important to achieve not only a complete bottom layer against the substrate but to 
ensure the following layers are accurate. This substrate must also allow for adhesion of 
the wet paste during printing, yet loss of adhesion upon drying to prevent cracking and 
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warping. With the high solids loading recommended, no drying is required during 
printing but homogenous drying is required to prevent warping and is therefore best 
undertaken slowly by leaving at room temperature for 12 – 18 hours. Cura as a slicer for 
the g-code provides a 30 – 35 % infill density for an optimal deposition of a dense solid. 
The exact number will depend on the paste rheology and deposition rate, while the infill 
number required for a porous sample can be changed to any number lower than this 
dependent on the desired pore size. -5% infill overlap is optimal for high SC paste to 
ensure connection between the perimeter walls and the infill. As Cura is designed for 
polymer FDM printing, not robocasting, it may be worth developing a slicing software 
that would allow greater automation of these parameters as they are as interdependent 
on each other printing parameter as they are on the paste properties. Software that is 
designed specifically for ceramic micro-extrusion would enhance the scaling up to 
industrial use. 
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4.4 Printed PTC structures 
4.4.1 SEM and EDX of green prints 
 
Figure 4.4.1.i – EDX mapping of printed 0.3La0.08Mn prior to binder removal and 
calcination 
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Figure 4.4.1.i shows SEM with the corresponding EDX maps of a PTC print prior to 
calcination and binder removal, formulated by the co-precipitation synthesis route. The 
binder can be seen as homogenous throughout the print represented as the gaps 
between the particles in the SEM and the carbon EDX map. All constituent powder is 
also homogenously distributed except manganese which displays a point concentration 
amongst an otherwise homogenous distribution. The very low concentration of 
manganese may be a cause for this as the EDX was set to be very sensitive in order to 
pick up the concentrations, amplifying an aggregate to appear more prominent than it 
actually is. The homogenous distribution throughout of the manganese around this 
ensures that the dopant’s properties are still maintained after sintering. 
Figure 4.4.1.ii shows a binder removed and calcined green print of PTC material 
(0.135La) synthesised via the solid state route prior to sintering. The lanthanum is 
similarly distributed to the co-precipitated green material, however, the particles are 
larger due to being solid particles mixed rather than a dissolved salt that precipitated 
out of solution after mixing. This leads to a more heterogeneous PTC mixture across the 
sample and can lead to less repeatable PTC properties, as has been determined by 
Chatterjee et al [49]. The BaCO3 and TiO2 are also mixed as homogenously as possible 
but there will be local differences due to the inherent heterogeneous mixing aspects of 
mixing solid powders so that the molar differences can vary across the sample on a 
microscopic level which affects the porosity and dielectric properties [42,45,48–51]. As 
can be seen in the EDX there is an unintended significant amount of zirconia as a result 
of the solid state mixing using zirconia milling balls. Zirconia can affect the sintered 
properties of the material by acting as seed crystals for anomalous grains [197,198]. 
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Figure 4.4.1.ii – EDX of green 0.135La with zirconia contaminants from rolling ball 
media 
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4.4.2 Green density 
The green density of pressed samples was greater than that of printed samples of the 
same La variations shown in Figure 4.4.2.i. However, the printed samples were less 
dimensionally accurate for measuring the sample volume, see Figure 4.3.4.ii for optical 
images, even with optimal parameters the geometries were not as exact as pressed 
geometries, despite grinding of all surfaces to achieve a more uniform geometry. This 
resulted in lower than true volume measurements and thus a lower calculated green 
density for the printed samples than the pressed samples so it is difficult to measure 
with certainty how much lower density the printed samples were than the pressed 
samples, if at all. 
 
Figure 4.4.2.i – Green density of lanthanum variations measured geometrically, with 
the experimental variance shown for three samples per point  
 
4.4.3 Dimensional profile 
The morphology of the printed samples varied uniquely with each print as can be seen 
in Figure 4.4.3.i, including samples printed with identical parameters, therefore altering 
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the dimensional profile of the samples from the original CAD design by imperfections in 
the process. 
 
Figure 4.4.3.i – Printed samples of high SC paste with higher and lower deposition 
rates without in-situ drying (left and second from left respectively) and higher and 
lower deposition rates with in-situ drying (second from right and right respectively) 
There is a trade-off between high yield stress paste that leaves surface roughness seen 
in Figure 4.4.3.i and low yield stress paste that has a smoother surface but is more prone 
to buttressing, however this can be countered by the in-situ drying. With optimal 
parameters, the dimensional tolerances achieved were within 0.3 ±0.1 mm in the XY 
plane, mostly due to small buttressing, but this is reduced by an order of magnitude 
from samples without drying, as seen previously in Figure 4.4.3.ii. The dimensional 
tolerance across all prints were larger in the XY plane than designed while the Z plane 
would, for successful prints without overfilling, be slightly lower than designed for on 
average across the surface by -0.1 ±0.06 mm but with greater protrusions due to the 
nozzle leaving the corner at the completion of the print, seen in Figure 4.4.5.i. The 
dimensional differences between individual layers are discussed in 4.4.5. 
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Figure 4.4.3.ii – Optical microscopy of solid samples extruded with medium yield 
stress paste without drying (left) and with drying (right) 
 
4.4.4 Drying shrinkage/warping 
As discussed in 4.3.4 paste with little to no viscofier/binder would flake and crack during 
drying, where high SC was prone to this happening more rapidly due to the low water 
content. With 1-2 wt% binder they would not flake and crack, and would shrink very 
little upon drying. This was too small to measure optically and could not be measured 
with callipers as the measurements of the wet prints would mould the prints and 
therefore take inaccurate readings. Use of high viscofier content (>2 wt%) left the prints 
prone to warping upon drying even with the more uniform drying of bidirectional 
heating or slow oven heating. A low solids loading of 55 wt% with 4 wt% HPMC (2 wt% 
Darvan) rheology found in Figure 4.2.3.i, was used to investigate this. While the high 
viscofier content gave a smooth coherent extrusion the very low SC led to significant 
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shrinkage upon drying. The viscofier, being comprised of long polymeric chains, 
maintains a solid structural stability but warped significantly compared to the pastes 
with less viscofier. This heterogeneous shrinkage and warping can be seen in Figure 
4.4.4.i where the heated bed led to greater shrinking in the lower layers of the sample 
from the higher parts. 
 
Figure 4.4.4.i – The warping of a PTC honeycomb sample on the print bed  
The adhesion to the bed was a key factor during the shrinking of drying samples as too 
much adhesion, as without a surface coating, would lead to the bottom layers being held 
in place while the top shrank leading a more conical structure instead of vertical walls. 
Little to no binder would lead to cracking on drying for this same reason – the sample 
shrinks but is constrained by its adhesion to the bed. Therefore for all cases, the use of 
surface coatings is vital to prevent warping and cracking occurring during drying, as the 
sample is not constrained by adherence to the bed but can shrink uniformly across it 
rather than warp. 
 
4.4.5 Layer interfaces 
As AM is by definition a layer by layer process, a major problem across AM processes as 
a whole is the detrimental effects these layers give to a printed part when compared 
with a conventionally made part. For many processes this is both an external surface 
finish and mechanical interlayer weakness. For all pastes used, the layers blended into 
subsequent layers well, which removed any internal effects from the layer by layer 
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process, as seen even in the most extreme case in Figure 4.4.5.i which has within 80 ±10 
µm dimensional change between layers. This compares with extruded layers from other 
pastes with high thixotropy in literature [199]. The high yield stress of this paste means 
that it retains the ‘squashed’ bulging characteristics at the walls upon extrusion which 
leads to a ‘bow’ and ‘trough’ repeated for each layer. For the highest yield stress paste 
used here this case can lead to crack initiators of the sharp troughs but for industrial 
applications of PTC honeycomb heaters they are not intended to withstand mechanical 
loads, so this is less consequential than it would be for other ceramic applications.  
 
Figure 4.4.5.i – SEM of green fracture surface (left) of solid samples printed with high 
SC, high yield stress paste with optical microscopy prior to fracture (right) 
Only 30 ±10 µm dimensional change between layers was typical for the medium yield 
stress paste with 0 ±10 µm for the low yield stress paste although this was inversely 
proportional to the overall dimensional change across the whole geometry due to 
greater buttressing in the low yield stress paste. Figure 4.4.5.ii shows the almost 
complete lack of layer interfaces with the use of low yield stress paste, and the 
minimised dimensional change with use of the high yield stress paste when extruding 
porous samples, compared to solid samples. This is because the ‘bow’ and ‘trough’ are 
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smaller as they exist on both sides of the extruded wall, rather than just one, despite the 
lower layer height needed to compensate for this.   
 
Figure 4.4.5.ii – Side on views of the layers of high SC (left) and low SC (right) printed 
honeycombs with differences due to corresponding differences in rheology 
The high yield stress of the high SC paste is a result of the higher loading which leads to 
the external layer interfaces but the accompanying lower water content leads to faster 
drying. As long as the paste is not dry before the next layer is deposited then the layers 
will blend and there will be no internal seam lines at the interface or cracks created 
during drying or sintering. It can be seen in the 0.3La0.008Mn paste after sintering in 
Figure 4.4.5.iii that despite the external appearance of the layers the interfaces do not 
extend into the bulk, and do not cause any cracks or other weaknesses. 
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Figure 4.4.5.iii – SEM of the side views of the sintered layers high SC, high yield stress 
paste printed at high (left) and low (right) magnification 
Figure 4.4.5.iv shows the fracture surface of the sintered honeycomb print, showing that 
the cracks do not propagate along the layer interfaces and therefore provide little 
mechanical weakness to the structure. While the edges of the layers can be seen as 
jagged, the cracks do not propagate further through the sample and this jagged edge 
likely follows the contours of the bow and trough formation of the surface of the layers. 
The layer interfaces that can be seen are external surfaces that were inside pores, not 
internal interfaces only exposed by the fracture.  
 
Figure 4.4.5.iv – Optical microscopy of the fracture surface of sintered BT honeycomb 
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4.4.6 Filaments 
For alternative PTC heater designs, PTC filaments were extruded both as standalone 
filaments and as part of 3D geometry to further lightweight the heater samples. 
Filaments have been identified [166,200] as the optimum basic geometry for 
conventionally made heaters due to the very high length to cross sectional area ratio, 
which increases the resistance.  Figure 4.4.6.i shows sintered filaments of BT extruded 
with the high SC paste. The filaments maintain a constant width along their length, and 
form a basis for utilisation with 3D printing which can deposit the filaments selectively 
by design. 
 
Figure 4.4.6.i – BT filaments by micro-extrusion 
By extruding filaments into a 3D geometry, the surface area of the sample is increased 
beyond that of the typical vertical wall filled porous samples whilst maintaining the high 
length to area ratio, as these filaments cross each other in a spider-web fashion to form 
the fibres into a ready-made heating component shape. By combining the use of in-situ 
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drying, higher speed to flowrate ratio and a viscofier content of 2 wt%, the elastic 
properties of the viscofier could be used to the benefit of the 3D geometry. Upon 
extrusion the filaments stretch as bridges between lower filaments to connect at only   ̴¼ 
of the length of the internal filaments, thereby leaving the area not connecting as 
surface area to radiate heat. The viscofier content is strong enough to hold the filaments 
in place while the connections hold the bridges together structurally without further 
warping, while the paste is dried to further lock the structure in place. Figure 4.4.6.ii 
shows the area where the filaments combine for structural support, where the elastic 
deformation that shrunk the width of the filaments can also be seen. Further work can 
be done to optimise this process for heater designs specifically designed for additive 
manufacture that will operate more efficient than conventionally made PTC heaters.  
 
Figure 4.4.6.ii – SEM of sintered filament heating structure showing bridging 
between filaments to form layered structures, and the whole structure (inset) 
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4.4.7 Designed porosity  
For samples with designed porosity, as opposed to solid samples, the solid CAD file was 
input to the slicing software which then used an infill much lower than required for the 
solid sample, as detailed in 4.3.2.4. Figure 4.4.7.i shows the two different ways that were 
used to form a porous structure, where the grid structure could achieve smaller pores 
with the top layer becoming rounded due to double deposition at the grid crossing 
points. However, this rounding could be flattened with grinding if required for industrial 
PTC application, which may only be required on the edges for a fit into the connecting 
electrodes [27]. The rounding as a side-effect of the infill pattern however was partly a 
result of the extra ‘squashing’ of layers compared to solid samples, and this extra 
‘squashing’ led to a higher reliability in printing as it reduced the chances of voids and 
increased the range of layer heights applicable to the parameters. The hexagonal fill 
gave a much more flattened surface as no point in each layer had paste deposited on it 
twice, however, this meant the reliability of the printing was less than the grid structure, 
similar to the solid samples. 
  
Figure 4.4.7.i – Optical microscopy of the top of prints with the use of overlapping 
grid infill (left) and non-overlapping hexagonal infill (right) 
Porosity could be adjusted to be as big as one for the entire sample to form a completely 
hollow structure, as seen later in Figure 4.4.9.i or reduced much smaller than seen in 
Figure 4.4.7.i with the use of a smaller nozzle. A nozzle of diameter 150 µm was used to 
extrude the sample on the right in Figure 4.4.7.ii compared to the figure on the left using 
the 560 µm nozzle for samples used in 4.6 and 4.7. The use of different nozzle diameters 
was not investigated further as the printing was significantly less reliable for several 
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reasons. The printing time increased in relation with the decrease in deposition rate 
required for the smaller size, drastically increasing the duration of the print which made 
it more difficult to ascertain optimal printing parameters while also leading to 
undesirable drying during the print. The small nozzle size was also more liable to clogging 
by both aggregates in the paste and by drying due to the slow deposition rate and rapid 
drying of small quantities of paste in the nozzle. With lower solids loading, this could be 
solved and the printing combined with the extrusion of micro-filaments as detailed in 
4.4.6 to create highly efficient PTC heaters. 
 
Figure 4.4.7.ii – Porous sample printed with 560 µm nozzle (left) and 150 µm nozzle 
(right) 
 
4.4.8 Honeycomb structures for heating elements 
PTC heating elements are currently manufactured as an extruded cylindrical shape with 
many pores through the whole structure [27]. Therefore to test the feasibility of micro-
extrusion for fabrication of a PTC heating element the honeycomb structure was printed 
in half size and full size. The half size was printed with the hexagonal infill pattern to 
closely mimic a honeycomb structure but as it was not as reliable compared to the grid 
infill as determined in 4.4.7 the full scale honeycomb print used the grid infill. These can 
be seen in Figure 4.4.8.i.  
1 mm 
10 mm 
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Figure 4.4.8.i – PTC honeycomb heating element, full size, during printing (bottom 
left), printed half size from the side (top left) and from above (right) 
Despite the large size of 4 cm diameter the porous structure maintained a strong green 
body for handling once dry from 1.5 wt% HPMC, and sintered without warping or 
cracking. The major difference with conventionally made honeycomb heaters is the 
uniformity throughout, due to being a slice through the extruded geometry (the whole 
geometry is extruded from a two dimensional cross section) [74] while the printed 
component has a slightly rounded top side with a flat bottom side as seen in Figure 
4.4.8.ii. A very uniform structure was obtained regardless and these differences would 
only be an issue at the edges where they held mechanically to the electrodes as a 
medium passes through the pores. The extra-large size of the honeycomb compared to 
the other samples printed meant that the time per layer was the longest, and therefore 
the time for drying per layer was increased. This was similar to the use of a smaller nozzle 
as discussed in 4.4.7 in this regard, though not for nozzle clogging. Therefore, the paste 
used could not be of too great of a solids loading to avoid the top layer drying before 
the layer was complete and prevent blending with the next layer, so 75 wt% solids was 
used. Theoretically, 80 wt% could be used but greater than that would lead to drying 
occurring too fast. 
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Figure 4.4.8.ii – Optical microscopy (collated images) of the full size honeycomb after 
sintering viewed from the top (left) and the bottom (right) 
 
4.4.9 Alternative geometries 
Geometries alternative to the honeycomb structure were able to be printed due to the 
geometric freedom allowed by additive manufacturing. Figure 4.4.9.i shows just some 
of the alternative geometries that can be printed. Clockwise from top left they are – the 
porous grid structure in a square sample, a rectangular rod, a hollow cylinder, a half size 
hexagonal honeycomb, a hollow rectangular cuboid and the interwoven filament design 
(utilising an infill known as 3D honeycomb). 
 
Figure 4.4.9.i – Alternative geometries printed 
A range of porous structures beyond those shown here, including graduated porosity 
that will allow for a whole structure to be printed with a functionally graded structure, 
are possible. Typically for these geometries, an external perimeter is printed with an 
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infill. As evidenced, this infill can be removed completely, but the hollow structures were 
more likely to warp as the struts of the infill formed internal mechanical strength that 
held the geometry in place and prevented warping during drying and sintering due to 
the shrinking of the sample. Flat 1 – 2 mm rectangular samples would print and sinter 
without warping but longer rectangular rods would warp slightly regardless of 
orientation within the furnace. This is likely due to a slight warping during initial drying 
of the printed samples that is then accentuated by shrinking during sintering. It can be 
concluded that large flatter samples are at more risk of warping along with hollow 
structures. This is evidenced that it is not size alone that leads to warping but the 
geometry of the part, as the full size honeycombs shown in 4.4.8 did not warp due to 
their infill. Investigation into large pore size samples with thin infill walls also did not 
warp, despite being much more fragile in the green state. Material extrusion allows for 
multi-material deposition by the use of a second syringe and nozzle to extrude in tandem 
with the first, although this is not investigated here. For future work this would allow 
investigation into both further functionally graded structures through use of differently 
doped BT pastes, which would sinter together after blending as per normal layer 
blending during printing, or potentially with completely different ceramic materials. A 
sacrificial support material [157] could be extruded using a polymer which is then burnt 
off during binder removal allowing for more complex geometries to be produced, or 
even with a high temperature ceramic, if support is required during sintering with a 
greater sintering temperature than the primary material which would be removable 
after sintering of the lower temperature ceramic. Metal electrodes can be extruded 
directly onto the heating elements, and while currently would be less efficient than 
conventional methods of applying electrodes, would allow the addition of electrodes to 
designs possible only to be made via additive manufacturing that might not otherwise 
be able to be electroded completely by conventional means. 
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4.5 Sintering 
4.5.1 Conventional sintering 
Sintering of samples directly onto alumina plates led to contamination by alumina, as 
seen in Figure 4.5.1.i. This was only on the surface of the otherwise unaffected PTC 
grains although no investigation was undertaken to determine if they were present 
within the sample by fracturing. As this would be detrimental to the PTC/electrode 
interface, all other samples were sintered on a powder bed of the same powder from 
which the sample was made. 
 
Figure 4.5.1.i – Alumina contamination from sintering plate in a PTC filament 
Sintering was undertaken at 1250 °C and 1370 °C, and with slow and fast cooling rates. 
The microstructure was noticeably altered with dwell temperature which can be seen in 
Figure 4.5.1.ii. The lower sintering temperature led to a bimodal microstructure 
resembling that of lanthanum only doped microstructure with an exaggerated grain 
growth, however with a dwell temperature of 1370 °C the microstructure resembles 
that of undoped BT, a comparison that is clear in Figure 4.5.4.i and Figure 4.5.4.iii, with 
only large grains throughout the entire material. The small grains in the 1250 °C sintered 
Alumina 
inclusions 
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material are also likely the cause of the lack of PTCR effect due to an insulating behaviour 
as has been previously noted, grains of that size (0.5 µm) or lower tend to form cubic 
phase rather than tetragonal, with a high enough proportion through the sample being 
enough to prevent the conductive behaviour of the large tetragonal grains dominating 
the overall behaviour of the sample [59,71]. The cooling rate had no effect on 
microstructure, but a large effect on the dielectric properties which is discussed in 4.6. 
 
Figure 4.5.1.ii – SEM at 2.5k X magnification of printed 0.3La0.08Mn samples 
sintered at 1250 °C (left) and 1370 °C (right) 
Figure 4.5.1.iii shows printed solid and pressed samples of 0.135La conventionally 
sintered. While all material variations were white in the green state, when sintered each 
bore a different hue; yellow for the high concentrations of La, brown for BT and 0.069La, 
and greyish blue for the PTCR samples, both 0.135La and 0.3La0.08Mn. Printed samples 
were either of the same colour as the pressed samples, as can be seen with the 0.135La, 
or of a slightly lighter shade. This discrepancy only varied between batches of the same 
material variations (some batches of the same material had the two samples the same 
colour while some had the printed sample slightly lighter). This may be due to the lower 
density of the printed samples; it can be ruled out that it was due to the low 
repeatability/homogeneity of the solid state synthesis as the 0.3La0.08Mn synthesised 
by co-precipitation gave dark grey pressed samples and slightly lighter printed samples. 
While 0.264La appeared a similar grey colour as the conductive 0.069La and 0.135La 
samples, it was mostly insulating at RT. 0.401La was light yellow in apparance, while BT 
was a light yellowish brown. In discarded samples from batched of solid state synthesis 
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that had not been mixed correctly, the samples of 0.135La were brown with bluish grey 
spots.  
 
Figure 4.5.1.iii – The solid printed sample compared to pressed sample of 0.135La 
 
4.5.2 Hybrid microwave sintering 
Hybrid sintering with conventional sintering at a temperature of 1350 °C and 1400 °C for 
1 hour were investigated with an input of 1kW of microwave power on 0.3La0.08Mn 
calcined printed porous samples. Figure 4.5.2.i shows the microstructure to be similar 
to that seen in Figure 4.5.1.ii which is possibly due to the lower dwell time. Unusually, a 
tri-modal microstructure has presented itself, with the same bi-modal grain sizes as the 
sample conventionally sintered at 1250 °C with the addition of an abnormally large third 
grain size averaging 30 – 50 µm across, alongside the   ̴15 µm and <1 µm grain sizes of 
the other grains, which also match the bimodal grain sizes observed in Figure 4.5.1.ii. 
Both this sample and the sample hybrid sintered at 1400 °C were significantly denser 
than the conventionally sintered printed samples, achieving density comparable to the 
conventionally sintered (1370 °C) pressed sample of the same material of 99 %TD, 
compared to the conventionally sintered (1370 °C) printed sample density of 94 %TD. 
This greater density is found in microwave assisted sintering of other ceramics [201]. 
However, despite this improvement in density, both hybrid parameters investigated led 
to an insulating behaviour at RT, and therefore no PTCR behaviour, likely due to the 
proliferation of the smallest grains as outlined in 4.5.1.  
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Figure 4.5.2.i – SEM of hybrid sintered printed 0.3La0.08Mn sample at 1350 °C for 1 
hour at 1kW microwave power 
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Figure 4.5.2.ii shows the microstructure of the hybrid sintered sample sintered at 1400 
°C. While the proliferation of small grains in the 1350 °C hybrid sample was expected, 
with the increase in temperature and microwave energy for this sample, larger grains 
would have been expected. However, the small grains dominate the microstructure with 
a much lower portion of mid-size grains. While there are no abnormally large grains as 
in the 1350 °C hybrid sample there are abnormally long grains, which are a hallmark of 
reactive liquid phase sintering in the BT system. Typically, these long platelet like grains 
are formed by solid state sintering along {111} of pure BT above 1250 °C sintering but 
below the onset of liquid phase (1320 °C) which leads to the large polygonal grains [202]. 
Along with the overabundance of small grains this microstructure is similar to that of 
one sintered at low temperature (>1250 °C), except with a much greater density.  
 
Figure 4.5.2.ii – SEM of hybrid sintered printed 0.3La0.08Mn sample at 1400 °C for 1 
hour at 1kW microwave power 
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4.5.3 Sintered density 
The theoretical density (TD) of BT is 6.02g/cm2 [32], therefore when doped and the bulk 
is still >99.5 wt% BT the theoretical density remains 6.02g/cm2. Figure 4.5.3.i shows the 
comparative density of green prints with the sintered counterparts. These prints were 
ground down to ensure the cuboid samples were as square as possible (to flatten the 
top and remove the slightly wider base compared to the top) to ensure accurate 
measurements. While this method is not as accurate as the Archimedes method, it is 
done in order to give a comparison with the green bodies. For undoped BT sintered 
density >99 %TD was achieved for the 3D printed components, the highest of any 
previously published work on micro-extrusion of BT [87] most likely due to the lower 
organic content used here (2.5 wt% vs 10 wt%). As this is the first PTC material to be 
additively manufactured to the author’s knowledge [170], there is no published work 
with which to compare.  
 
Figure 4.5.3.i – Green and sintered density of 3D printed samples – an average of 
three samples is given for each case.  
Figure 4.5.3.ii shows the sintered densities of press samples produced by conventional 
die pressing and solid printed samples. While the lower green density of the printed 
samples compared to the pressed samples as seen in Figure 4.4.2.i remains lower upon 
sintering for most of the lanthanum concentrations. However, for BT this is reversed, 
and the printed sample was >99 %TD while the pressed sample was slightly lower. The 
more obvious trend from the graph that both printed and pressed materials show is the 
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reduction in density with increase in lanthanum concentration, with a slight increase by 
the highest concentration used of 0.401La. This agrees with existing literature 
[48,50,203].  
  
Figure 4.5.3.ii – Sintered density of lanthanum variations determined by the 
Archimedes method, with the experimental variance shown for three samples per 
point 
The 0.3La0.08Mn not shown in Figure 4.5.3.ii had a pressed density of 98 %TD and a 
printed density of 89 %TD. It was not included due to the inclusion of manganese as the 
acceptor dopant and the density does not correlate with that of the 0.3 mol% La without 
manganese. Interestingly, as well as having a great impact on the electrical properties 
of the material the density (and grain structure, see 4.5.4) resembles undoped BT a lot, 
at least for the density of the pressed sample. The printed density would therefore be 
expected to be greater, however, like the other lanthanum concentrations, it is less 
dense in its printed form. Figure 4.5.3.ii shows the printed 0.3La0.08Mn (with Figure 
4.4.6.ii Figure 4.4.6.i for BT prints included for comparison) which shows the very clear 
porosity throughout the structure. This is compared with the undoped BT prints of 99> 
%TD despite no less amount of organic additive content.  
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Figure 4.5.3.iii – 0.3La0.08Mn filaments as part of the printed porous sample, where 
porosity can clearly be seen (bottom) with BT filaments shown above from Figure 
4.4.6.ii and Figure 4.4.6.i for comparison 
Figure 4.5.3.iv shows the sintered surface compared with the binder removed and 
calcined surface for the printed 0.3La0.08Mn. It can be seen that the porosity in the print 
exists in the body before sintering, and that these merely fail to close during sintering. 
While the area between the pores appears highly dense, rather than poorly sintered, it 
can be concluded that this is the cause of the low density in the printed material. The 
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key undesirable factor regarding this porosity is that it has an unintended effect on the 
PTCR behaviour [188,204,205], discussed later in 4.6.  
 
Figure 4.5.3.iv – Top down SEM at 150x magnification of the pore walls in a porous 
printed sample of 0.3La0.08Mn after binder removal and calcination (left) and 
sintered (right) (Note this is not the exact same sample and while shrinkage is 
noticeable, the left sample displays more ‘buttress’) 
Figure 4.5.3.v shows a close up of the pores in the calcined and sintered bodies. The fact 
that these pores exist as a result of the green body while the BT print not exhibit this, 
the process variations between the printing of the two must be considered. Solids 
loading in the amounts investigated here did not have an overall effect on the density 
of the final samples. Initially, differences in organic content were thought to be the main 
cause of the porosity, however, 2 wt% vs 3 wt% organics is not enough to explain a 10 
%TD drop from near fully dense. Instead, the greatest difference was in the drying of the 
sample. The BT paste used (to fabricate the samples seen in Figure 4.5.3.iii) had a high 
yield stress that allowed for retention of its extruded shape while drying slowly. Both 
high and low solids content was used for BT with the low having greater viscofier so that 
both had a high yield stress. Despite this high organics content the density was still >99 
%TD. The 0.3La0.08Mn required in situ drying to retain its shape and this more rapid 
500 µm 
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drying is likely the cause behind the porosity seen here. Further work can be done to 
determine if this porosity is definitely determined by drying, and by drying high yield 
stress paste at the temperature use for lower yield stress paste and comparing the 
microstructure. 
 
Figure 4.5.3.v – SEM at 1000x magnification of the same samples in the previous 
figure 
 
4.5.4 Sintered microstructure 
[202,206] Porosity in general is undesirable because it reduces the strength of a ceramic 
component. Pores are defects that act as stress concentrators, and propagate cracks 
that form. As a heater is not required to have great mechanical strength, it only needs 
to be strong enough to not break during typical handling, thus some porosity is ok with 
regards to mechanical weakness. The process and dopants used lead to a porous 
microstructure, and donor only doping is well known to greatly increase porosity, with 
an increase in density achieved via sintering aids actually diminishing the PTCR effect 
above 90 %TD [188].  
100 µm 
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Figure 4.5.4.i – SEM of pressed microstructure sintered at 1370 °C taken at 5,000x 
magnification at 5kV 
Figure 4.5.4.i shows the grain structure for the pressed samples sintered at 1370 °C for 
4 hours (with a slow 2 °C/min ramp). While BT has a large grain structure doping with 
lanthanum leads to the distinctive fine and coarse bimodal microstructure for 0.064La 
and to a lesser extent 0.135La doped PTC material as previously reported in literature 
[207–209].  Lanthanum is also the driving factor behind a reduction in sintered 
density/increase in porosity and reduction in grain size as noted in  
 
 
 
 
 
 
 
 
10 µm 
 
Results and Discussion 
 162 
Figure 4.5.4.ii and correlates well with the reported data for the effects of La dopant 
concentrations [48,49]. Ting et al suggests the densification and grain growth is inhibited 
by cation vacancies (of both barium and titanium) caused by the increasing amount of 
[La3+] substitutes in the lattice above 0.15 mol%  lanthanum [48,210,211]. Both the 
vacancies and excess lanthanum ions accumulate at the grain boundaries, which pins 
the grains and inhibits grain growth and densification. The depletion of barium 
vacancies, as they are more readily substituted by lanthanum ions, inhibits the 
movement of oxygen ions from the grain boundary into the grain body. This further 
reduces grain boundary mobility and results in finer grains [195,212]. With sintering aids 
such as ASZ or extra TiO2 the density of the La doped materials can be increased 
significantly from 4.75 g/cm2 to 5.54 g/cm2 (  ̴92%TD) with a marginal increase in grain 
size [49,52]. BT retains a large grain size with density >97 %TD, with the residual 
intergranular porosity mostly due to the slow ramp rate and (relatively) high and long 
dwell temperature. 1320 °C for 2 hours is sufficient for BT to fully densify [96]. The 
0.3La0.08Mn sample despite being doped stoichiometric BT has density of 98%TD and 
retains a similar microstructure to BT despite its room temperature conductive 
properties detailed later in 0. The expected bimodal structure [48] only occurred with 
<2% of the sample surface area displaying a fine microstructure and is the only material 
variation to display a marked difference compared with printed samples sintered under 
identical conditions. The ‘ridges’ apparent on the grains of BT and 0.3La0.08Mn are the 
facets of the tetragonal crystal structure along {111}, {110}, and {100} [99,202,213]. The 
different grain sizes are known to be the reason behind the colour changes in the sample 
appearance, as well as colour, which is dependent on oxygen release during sintering 
[214]. As this is affected by dopants, this would explain the difference between the 
colour of the BT samples and the 0.3La0.08Mn samples despite the very similar grain 
structure. 
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Figure 4.5.4.ii – The grain size and density of pressed lanthanum variations 
The green density of the die pressed powder from Figure 4.4.2.i gave consistent results 
while the sintered density varied greatly depending on the La concentration seen in 
Figure 4.5.4.ii. Lanthanum had a significant effect on both the density and grain size of 
the material which decreases with increasing concentrations to a minima at 0.264 mol% 
before increasing again. The grain size decreases from >10 μm for BT by a factor of 15x 
to   ̴0.5 μm for 0.264 mol%. The grain morphology also seems to stabilise with an increase 
in La as the structure becomes more uniform and less bimodal with increasing La above 
0.135 mol% with an even distribution of voids and evenly sized grains. However, the 
density is likely even smaller than reported in literature as the sintering was undertaken 
at 1370 °C in combination with zirconia impurities from the solid state synthesis mixing 
seen in Figure 4.4.1.ii. Armstrong et al [197] reports 1 wt% zirconia in BT reduces the 
%TD by > 10% specifically when sintering higher than the 1332 °C eutectic (Data was 
taken sintering at 1320 °C and 1350 °C). While zirconia normally also leads to a bimodal 
structure of 80-50% fine-course distribution the lanthanum doping at higher 
concentrations suppress the recrystallization that would normally lead to grain growth 
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[215]. This is therefore likely the reason why the bimodal structure is less prominent in 
the lower La concentrations than expected. 
 
Figure 4.5.4.iii – SEM of printed microstructure sintered at 1370 °C taken at 5,000x 
magnification at 5kV 
Figure 4.5.4.iii shows the same relationship between the dopants effect on 
microstructure compared with the pressed SEM in Figure 4.5.4.i, there are a few 
differences. The 0.135La, 0.3La0.08Mn are more porous while the BT is denser. For the 
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lanthanum variations (0.069 and 0.135La) with bimodal grain structures, they remain 
similar to the pressed microstructure as the bimodal distribution is uneven, it may not 
appear so. However they do exhibit slightly higher porosity. The 0.264La and 0.401La 
also exhibit higher porosity and a smaller grain size. Grain size decreases as a result of 
the porosity increase in BT based materials, regardless of the dopant causing the 
porosity as the increase in additives or dopants at the grain boundaries increases it acts 
a barrier to further grain growth [204,216]. Figure 4.5.4.iv shows the same printed 
samples of BT, 0.03La0.08Mn and 0.135La at a lesser magnification. The highly dense BT 
microstructure can be seen here despite the same organics content in the paste as the 
others. While the pores in 0.03La0.08Mn can be seen, the pores were heterogenously 
spread throughout the sample, as can been seen in Figure 4.5.5.ii and figures throughout 
4.5.3. In the 0.135La, it can be seen that the pores tend to mostly exist evenly spread in 
the smaller grain region of the bimodal structure, with fewer pores in the larger grain 
area, around each there are smaller grains, leading credence to the aforementioned 
theory of pores as an inhibitor of grain growth.  
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Figure 4.5.4.iv – SEM of printed BT (top), 0.03La0.08Mn (middle) and 0.135La 
(bottom) sintered at 1370 °C taken at 1,000x magnification at 5kV 
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4.5.5 EDX of the sintered microstructure 
EDX analysis shows homogenous barium titanate across all sintered microstructures. 
However it can be difficult to detect lanthanum due to the similarity of the peaks with 
barium, and the very low concentration of it. Similarly for manganese, the very low 
concentration could not be detected after calcination. Figure 4.5.5.i shows an 
amorphous layer present on the surface of pressed 0.264La, which was also observed in 
several areas on the other printed and pressed samples above 0.135 mol% lanthanum. 
As can be seen from the EDX, the microstructure is consistently barium titanate, so this 
is anomalous grain growth likely down to localised variations in the Ba:Ti molar ratio 
caused by the heterogeneous mixing from solid state synthesis.  
 
Figure 4.5.5.i – SEM and EDX image of the amorphous layer present on pressed 
0.264La 
The eutectic forms in BT above 1332 °C (as can be seen from literature in Figure 2.3.8.iv) 
with eutectics also forming below this due to impurities [95]. This high dopant 
concentration [101] is likely catalysing the reactive liquid sintering causing the melt-like 
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anomalous grain structure [96]. There are many possible compositions that could form 
this structure in the BaO–TiO2 system such as Ba2TiO4, BaTiO3, BaTi2O5 among many 
others and these are more likely to occur with small amounts of zirconia present [217], 
as was confirmed to be present by EDX of the green bodies in 4.4.1 due to the rolling for 
the solid state synthesis method. Ba6Ti17O40, Ba4Ti13O30, BaTi4O9 are also stable 
compounds that form during solid state reaction and then decompose peritectoidally at 
1340 – 1360 °C, which can lead to the formation of the anomalous or exaggerated grain 
growth and can appear as a glassy phase [198,218–221]. 
 
Figure 4.5.5.ii – EDX of pores in sintered 0.3La0.08Mn print 
Figure 4.5.5.ii shows an area with unusually high concentration of pores in the 
0.3La0.08Mn printed microstructure. The EDX shows that the BT remains homogenous 
throughout, except in the location of the pores, and the lack of any other compound in 
this area further supports that the porosity is not caused by the composition but by the 
process during green forming. Carbon is displayed in the EDX to determine if any residue 
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existed around the pores if they had been caused by burnout, but only surface 
contaminants deposited post-sintering are seen.  
 
4.5.6 Shrinkage 
As was previously described in 4.4.4 shrinking of complex geometries without enough 
structural green strength are liable to warp out of shape. The greater shrinkage caused 
by solid state calcination after printing increases this risk, as discussed in 4.1.4.1. Figure 
4.5.6.i shows the 17 ±0.5% shrinkage overall with a pore size shrinkage of 13±1% average 
for the full size honeycomb BT sintered to >99 %TD, and the 0.3La0.08Mn sample 
sintered to 94 %TD. This same shrinkage despite different final densities is likely due to 
the green density being different as a result of solids loading, which is discussed in 4.5.3. 
The pores grow as the material shrinks, but as the whole geometry shrinks together it 
pulls itself around the pores, meaning the overall dimensional change in the pores is 
negative although less so than that of the whole part. Solid printed samples and pressed 
samples therefore also shrink to a greater extent, the rate of shrinkage for each material 
variation was proportional to their sintered TD shown in Figure 4.5.3.ii. 
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Figure 4.5.6.i – Square porous printed 0.3La0.08Mn with a green and sintered sample 
(top), full size BT honeycomb print green and the same one after sintering (bottom)  
 
4.5.7 XRD of sintered samples comparison with printed samples 
Figure 4.5.7.i shows that calcined BT demonstrate stronger tetragonal phase peaks by 
increased definition of the split peaks. This is possibly due to the morphologically flat 
surface of the sintered allowing for greater x-ray diffraction when compared to the 
rougher surface of the calcined green sample, and that individual particles of BT form 
cubic rather than tetragonal grains prior to sintering [189]. Narrower peaks also define 
the disappearance of other phases, namely cubic, from the system which overlap the 
tetragonal peaks as was observed in Figure 4.1.4.vii, and as described in literature [189] 
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Figure 4.5.7.i – XRD of calcined and sintered BT 
Figure 4.5.7.ii shows the comparison of printed samples and pressed samples of the 
0.3La0.08Mn material. The only differences are in the relative intensity of certain peaks, 
namely the (111) 39.8 °, 45.5 ° (002) and a switch in intensity of the (112)(211) peaks at 
56 ° between the two samples. These minor differences may due to the textured surface 
differences resulting from the printing and pressed samples [43]. 
 
Figure 4.5.7.ii – XRD comparison of printed and pressed 0.3La0.08Mn sintered 
samples 
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4.6 Dielectric measurements 
4.6.1 PTCR curve 
Figure 4.6.1.i shows the positive temperature coefficient of resistivity for the dopant 
variations that exhibited room temperature conductivity for printed samples and 
pressed samples as a comparison.  BT and the dopant variations not shown exhibited 
insulating behaviour at room temperature and therefore are not included here due to 
the lack of PTCR behaviour and therefore no heating characteristics either. 
 
Figure 4.6.1.i – PTCR behaviour of the 3D printed and pressed samples of similar 
dimensions 
All samples shown in Figure 4.6.1.i show the characteristic PTCR behaviour of 
conductivity at low temperatures and all exhibited a spike in resistivity at ferroelectric 
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Curie point temperature (Tc) of 120 ±5 °C. The porous prints demonstrate different 
behaviour to the solid prints due to the greater resistance of their structure. However, 
the resistivity is the same, as this is calculated for the resistance across the effective 
cross-area and therefore ignores geometry to give a measurement of the material 
irrespective of geometry. Therefore the solid and porous prints exhibit virtually identical 
PTCR behaviour while the porous sample has a 47% reduction in weight. This 
demonstrates the ability to lightweight ceramic heater components and opens up 
applications in aerospace as well as automotive areas.  
Despite the material being the same batch for the printed samples as the pressed 
samples, both the 0.135La and the 0.3La0.08Mn exhibited an increase in the resistivity 
of 1.5 – 2 orders of magnitude for the printed samples compared to the pressed samples. 
While the density of the samples dropped with addition of organics as necessary for the 
printing process, which may be related to the drying process as discussed in 4.5.3, the 
increase in resistivity across all temperatures is likely a direct result of the density 
decrease. This has been investigated by Kim et al [205] where potato starch was used as 
the organic, and has been noted for polymeric additives too [204], as well as carbon 
giving nearly identical results [216]. With an increased amount of organic in the green 
bodies to increase the porosity within the sintered body, the resistivity increased by 
several orders of magnitude across the temperature range. The porosity affecting the 
PTCR properties in this manner matches with the barrier model proposed by Heywang 
et al [32,222]. As the resistivity is a grain boundary effect, greater porosity allows for 
greater adsorption of oxygen at the grain boundaries which increases the potential 
barrier height.  
The increase in porosity is the best explanation for the increase in resistivity for the 3D 
printed samples over the pressed samples of the same material (and even same batches) 
as the grain structure remained the same when sintering parameters were kept the 
same. Despite the increase in RT resistivity, the associated increase in jump and slope of 
the PTCR curve are desirable characteristics for the PTCR property [204] as the sensitivity 
to variable voltage decreases, while the porosity increases heat resistance [204,205], 
ideal for heating applications. 
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As noted by Chatterjee et al [49] the co-precipitation method results in a better PTCR 
curve for the same material – greater jump and steeper curve compared to solid state 
synthesis. The 0.3La0.08Mn measured here gave results comparable with work by 
Chatterjee and by Ting et al [48]. While the use of solid state synthesis offers partial 
explanation for the low PTCR jump and curve for the 0.135La material further 
explanation is based on the cooling characteristics and sensitivity of the solid state 
synthesis route. As has been previously determined the solid state route results in a 
heterogeneous, less repeatable calcined material.  
Oxygen adsorption at the grain boundaries during cooling leads to the PTCR effect. 
Reduction in an oxygen free atmosphere at high temperatures gives a conductive 
material even in pure BT with donor doping, but removes the PTCR behaviour by 
ensuring low resistivity at higher temperatures [223,224]. Work by Lin et al [52] shows 
that cooling of >15 °C/min gives a far greater PTCR curve and jump by giving a lower RT 
resistivity compared to cooling at 5 °C/min. However the PTCR curves of 0.135La in this 
project match that of Niesz et al [206] more closely. This gave conflicting results to Lin 
et al whereby faster cooling reduced the PTCR effect. They match most closely with the 
PTCR curves of Niesz et al of samples cooled the same as in this work, but with sintering 
of only 2 minutes, unlike the 2 hours performed by Lin et al that was followed in this 
project. Petrović et al’s [193] work on lanthanum doped BT had a similarly small PTCR 
curve and determined it to be likely due to grain size distribution and the placement of 
impurities within the sample. In the case of this work it is likely due to the zirconia 
impurities from the solid state synthesis route that act as seed grains and defects 
affecting the microstructure and in turn the grain boundary resistivity of the whole. 
Petrović et al [193] and Hamamoto et al [225] also determined that the measurement 
of the resistivity under a high electric field affected the results when determined from 
Nyquist plots as in this project. They found that polarisation induced by the electric field 
during measurements affected the PTCR characteristic of the bulk above the Curie 
temperature. 
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4.6.2 PTCR Slope 
The 3D printed samples demonstrate a steeper slope for both 0.135La and 0.3La0.08Mn 
as demonstrated in Figure 4.6.2.i where the slope is plotted on the secondary axis of 
δ(log ϒ)
δχ ⁄ which displays the change in log resistivity per degree change in Celsius. The 
slope of the PTCR curve can be observed to increase exponentially to a point just after 
the TC of 120 °C before slowing at a similar rate to the initial increase.  
 
Figure 4.6.2.i – The slope of each PTCR curve is shown plotted on a secondary y-axis, 
with the units in orders of magnitude resistivity increase per °C. For comparison, 
0.3La0.08Mn is displayed on the left, with 0.135La displayed on the right 
While either side of the ‘peak slope’ is relatively symmetrical, for both materials the 
printed samples have less of an increase compared to the pressed samples after 140 °C, 
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where the 0.3La0.08Mn begins to decrease, which is likely due to effect on the PTCR 
behaviour by the extra porosity compared to the pressed samples. The increase in the 
slope from an increase in overall resistivity as a result of density decrease has been 
noted before [204,205,216] along with the characteristic greater slope of decreasing 
resistivity after ρ𝑚𝑎𝑥 compared to the denser sample. The desirable steeper slope this 
causes allows for greater self-regulation with a wide power input [48]. Also noticeable 
in the 0.3La0.08Mn samples is that the printed begins a slope of greater increase at 
lower temperature than the pressed sample but the peak slope is at a slightly higher 
temperature. This means that over   2̴0 °C prior to the TC and peak slope the resistivity 
increases by 1 order of magnitude. With very low power inputs this would be less stable 
compared to the pressed version which has a peak slope after very little resistivity 
increase prior to TC. However, overall the printed material has better self-regulation due 
to the greater peak slope and overall PTCR jump. 
 
4.6.3 PTCR Jump 
The slight increase in the jump from an increase in overall resistivity as a result of density 
decrease has been noted in literature [204,205,216] compared to the denser sample. 
The PTCR jump is defined as 
ρ𝑚𝑎𝑥  
 ρ
𝑚𝑖𝑛
⁄  while the slope, or jump from the Tc which is 
the steepest part of the exponential increase can be defined numerically as 
ρ120°𝐶
ρ140°𝐶
⁄  which are shown in Table 4.6.3.i.  
Table 4.6.3.i – The PTCR jumps  
 𝝆
𝒎𝒂𝒙
  𝝆
𝒎𝒊𝒏
⁄  𝝆
𝟏𝟒𝟎°𝑪
  𝝆
𝟏𝟐𝟎°𝑪
⁄  
Variation Pressed Printed Pressed Printed 
0.3La0.08Mn (1.05 ± 0.1) × 105 (2.8 ± 0.12) × 105 (2.15 ± 0.04) × 103 (3.2 ± 0.08) × 104 
0.135La (2.7 ± 0.04) × 101 (2.6 ± 0.03) × 101 (5.5 ± 0.01) × 100 (7.1 ± 0.01) × 100 
 
Printed 0.3La0.08Mn displays a PTCR jump nearly triple that of the pressed sample. 
While this is not on the scale of orders of magnitude like from the change in dopant, 
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compare with 0.135La for instance, or from a change to sintering parameters [206] it is 
nonetheless a not insignificant increase, and enhances the self-regulatory aspects of the 
PTCR heater. 
 
4.6.4 Complex impedance 
Figure 4.6.4.i shows the real impedance vs imaginary impedance on a Nyquist plot where 
real impedance at zero imaginary impedance is the resistance measured across the 
sample.  
 
Figure 4.6.4.i – Nyquist plot of pressed 0.3La0.08Mn at temperatures across the PTCR 
curve, with In-Ga electrodes.  
The standard semi-circular arcs with no distortion represent a grain boundary 
dominated resistive system [224,226], with the discrepancy from the origin seen in the 
inset is representative of the conductive grain bulk [227] which matches with literature 
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on manganese doped PTC BT [228]. This is confirmed by the movement of the Z’ minima 
towards 0 with increase in temperature, and therefore is not an effect of 
instrumentation calibration [229], but a result of the In-Ga electrode used [230]. The 
impedance data also matches with the Heywang barrier model [32,231] where acceptor 
dopants concentrate at the grain boundaries, raising the barrier and therefore the 
resistivity. 
 
4.6.5 Electrode effect on electrical measurements 
4.6.5.1 Silver paint 
The contact interface between the electrode and the electroceramic being tested 
changes the measurements themselves in impedance spectroscopy. 0.135La solid 
samples coated with silver paint as electrodes displayed low temperature resistivity 
many orders of magnitude higher than expected, with only a small PTCR jump 50 °C 
higher than the Curie temperature. This masked the genuine PTCR behaviour and low 
temperature conductivity of the material well enough that the batch of synthesised 
material was thought at first to be defective. Despite the use of highly conductive silver 
paint electrodes, the resistance at the contacts has a significant effect on the 
measurements, as no longer is only the sample being measured. This was first 
mentioned by Heywang [32,232] and has since been found to exhibit itself differently in 
three-point or four-point impedance measurements, whilst being of greater prominence 
in three-point measurements. The degree to which the effect manifests itself is 
dependent on the smoothness of the sample surface, where a rougher surface leads to 
greater resistance spreading [233] but a highly polished surface can negate this. This is 
a result of air gap capacitance between the electrode layer and the surface of the 
sample, as the electrode is not coated fully between all the peaks of the rough surface. 
Alternately, sputtering can be used to fill these gaps and remove the contact effect 
[233]. 
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4.6.5.2 Au-Pd sputtering 
Gold-palladium sputtering was used on a 0.135La solid sample to determine if it would 
reduce the electrode effects on the electrical measurements [233]. The sample was 
sputtered on its side, then the sides ground away to prevent shorting between the 
electrodes, which would be impossible for porous samples or alternative complex 
geometries. Therefore another solution was needed, despite the sample confirming that 
a lower RT resistivity was measured by impedance spectroscopy. 
4.6.5.3 In-Ga eutectic alloy 
Indium-gallium eutectic was used as the electrode for the PTCR measurements 
displayed in 4.6.1. N-type semiconductors, which include doped BT, adsorb oxygen onto 
their surface which decreases the surface carrier concentration of electrons and forms 
a resistive surface. In-Ga attracts excess oxygen which counters the surface space charge 
and reduces the contact potential barrier, forming an ohmic contact [66]. Figure 4.6.4.i 
shows that use of In-Ga eutectic as an electrode allowed for accurate measurements at 
very low impedance, which shows that the electrode has virtually nil effect of the 
measurements, and is therefore best for use when taking impedance measurements to 
determine the PTCR behaviour, and for applying electricity at low power when 
characterising the PTC heater characteristics. 
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4.7 PTC Heater Characterisation 
4.7.1 Infrared imaging 
Characterisation of the PTC heaters was undertaken with infrared (IR) videography. 
Figure 4.7.1.i is a schematic of the setup used for taking the measurements for solid 
samples and a porous samples as a comparison, with the inset the schematic for 
measurements of the internal pores.  
 
Figure 4.7.1.i – Schematic of the setup of the sample for heater characterisation, 
taken through the IR camera for solid sample analysis as viewed, and the direction of 
view for porous sample analysis (inset) 
Figure 4.7.1.ii shows the regime of heat output after power is switched on, and switched 
off. This shows that as the power is switched on, the temperature increases to above 
the TC within 5 seconds where it stabilises. This is because the temperature of the 
sample is now in the ‘peak slope’ regime outlined in 4.6.2, where the resistivity increases 
orders of magnitude within just a few degrees Celsius. Therefore the sample heats no 
further, and the system stabilises. After being switched off, there is no longer any power 
to the heater and it cools down normally to room temperature. As is noticeable, the rate 
of heating is significantly faster that the rate of cooling. This rate of heating at different 
power inputs is investigated further in 4.7.4. 
3D Printed sample (side on) 
+ve electrode underneath 
-ve electrode along top 
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Figure 4.7.1.ii – Switching regime for 3D printed porous 0.3La0.08Mn at 3 W 
 
4.7.2 Infrared emissivity 
The emissivity value was found to be the same for all PTC samples used in heater 
characterisation – all visually similar and of a dull grey colouration. Figure 4.7.2.i shows 
the IR image taken in the tube furnace used to determine the emissivity value of the 
samples. By placing a thermocouple touching the sample(s) in the furnace and dwelling 
for an hour, the temperature of the PTC samples were then measured with IR and the 
emissivity value altered so that the IR temperature for the sample matched the 
thermocouple value. The IR software calculated the emissivity value based upon data 
input manually from the thermocouple and its own readings. The emissivity value for all 
samples was 0.72, a difference from the default 0.95 that leads to a >30 °C difference in 
the measured stable heat output at high power input of the samples. Therefore, it is 
important for accuracy that all measurements were taken with the correct emissivity 
value. 
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Figure 4.7.2.i – IR image of two separate PTC samples in the tube furnace with 
corrected emissivity. The thermocouple is seen behind the text “Ar1” between the 
two samples 
 
4.7.2.1 Temperature regulation in software 
The self-regulating aspect of PTC material was investigated during the heating cycle. The 
FLIR settings recorded from -200 – 150 °C and 100 – 600 °C which the first setting would 
cap at 150 °C readings while the second setting would read below 100 °C but with a 
greater error range of ±0.4 °C, respectively. For samples that had a stable temperature 
output of 135 or above, or spiked above 150 during the initial stabilisation, the test was 
rerun with the higher settings to obtain data above the 150 °C threshold, as very little 
data was taken in the low accuracy region under 100 °C. 
 
4.7.3 Heating rate and output as a function of time 
The temperature output varied according to the power drawn by the sample. The true 
power drawn through the heaters did not necessarily match the total power input 
provided in current control due to the resistance through the samples, therefore the 
solid printed 0.3La0.08Mn sample with the greatest resistance was only able to draw 3 
W of power. Any references to power input will therefore be synonymous with the true 
power drawn by the sample. Figure 4.7.3.i is a visual representation of the 0.3La0.08Mn 
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porous printed sample in infrared after 10 seconds at various power input. The porous 
structure can be seen in this top down view, with the In-Ga electrode painted along the 
top and bottom, which manifests in the IR image as cooler than the PTC material, due 
to its different emissivity, caused by its reflective appearance. The electrode clips on the 
left and right apply the power to the In-Ga electrode so that the power passes through 
the thin section of the sample, as shown in Figure 4.7.1.i. This view of the pores is studied 
further in 4.7.4.1, though to compare with the solid samples, the measurements in this 
section are taken side on rather into the pores. 
 
Figure 4.7.3.i – 0.3La0.08Mn porous printed sample after 10 seconds under various 
power input 
The heating rates and heat output of the samples differ depending on their material. 
Figure 4.7.3.ii shows the heating of a 0.135La solid printed heater. At low power, (below 
2 W) the heater does not reach the TC and heats slowly without reaching a stable 
condition within 100 seconds. At 2 W it is seen to heat a little faster and slowly stabilise 
below the TC, while 3 W demonstrates a large jump in heating rate so that the stable 
temperature output at the TC is reached in <20 seconds, compared to 1 minute for the 
2 W just below TC. However, while increasing the power up to 3 W led to an increase in 
the heating rate, further power increase did not increase the heating rate, as can be 
seen in Figure 4.7.3.ii. The power inputs of 3 W and above led to a linear heating rate of 
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15 °C/s until the rate of increase slowed as the temperature output stabilised. For 3 – 5 
W the heat output stabilised completely at 120 – 140 °C respectively which matches the 
range of the ‘peak slope’ in the PTCR curve of the material, where the greatest increase 
in resistivity per degree Celsius stabilises the heat output, therefore for this particular 
heater 3 – 5 W gives the most stable temperature output. Further increases in power 
above this are in the gradual resistivity increase range as seen in Figure 4.6.2.i which 
leads to an extra 20 °C/W after 30 seconds of heating, although this does not stabilise 
completely within 100 seconds, and continues to rise gradually, with the increase 
greater for greater power, with 10 °C/min for 6 W to 20 °C/min for 10 W input. The self-
regulation of this material at 4 W of power is excellent, with a stable heat output over 
time and ±1 W variation leading to only ±10 °C.  
 
Figure 4.7.3.ii – The average temperature of 0.135La solid printed sample with varied 
power 
The solid printed sample of 0.3La0.08Mn displayed only 5 °C above RT with 0.5 W of 
power, seen in Figure 4.7.3.iii. However, with 1 W of power the heater performed 
significantly better than the 0.135La at low power with a greater rate of heating. 1.5 W 
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leads to a rapid increase in the heating rate, which slows around 100 °C and only 
increases slightly after that. 2 W leads to the maximum heating rate in this sample, 
comparable to 3 W in the 0.135La sample. The heater output is very similar too, just 
above the TC, which therefore represents the lowest power for stable operation of the 
heater. Due the jump and slope of the 3D printed 0.3La0.08Mn being much greater than 
for 0.135La, the increase in power only leads to 6 °C/W after 2.5 W, with a highly stable 
temperature output achieved 10 seconds after heating. 
 
Figure 4.7.3.iii – The average temperature of 0.3La0.08Mn solid printed sample with 
varied power 
Figure 4.7.3.iv displays the variable power input for the printed porous 0.3La0.08Mn 
sample. While the low power regime is similar to that of the solid printed 0.3La0.08Mn, 
the increase from 2 W to 2.5 W, when heating to the TC has been achieved, the heating 
rate is greater, with higher temperatures being achieved quicker during the initial 
heating. With 3 W of power, the temperature output after stabilising is only 1 °C hotter 
than 2.5 W just above the TC, but the heating rate was significantly faster, achieving a 
stable output in 4 seconds as opposed to 8 at 2.5 W. This faster rate of heating is due to 
the porous sample, the sample ‘outer’ surface that is being observed is not actually the 
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outer surface of a solid sample but one of many filaments, the cross section of the 
filament is much smaller than the solid sample, and therefore can heat faster. The solid 
samples will take time to heat the outer surface from the middle, as well as have less 
power per unit area compared to the porous sample. From 3 W, further increases do 
not increase the rate of heating past the maximum temperature being achieved at 4 
seconds, with a continued increase in stable temperature of   ̴6 °C/W after TC, as with 
the solid sample. However, at greater power the stable temperature is not as completely 
stable as at lower power, varying by ±1.5 °C at 7 W. Long term stability is investigated 
further in 4.7.5. Finally, of particular note is at 5 W and above whereupon reaching the 
stable temperature, ‘overshoots’ and spikes in temperature before lowering to the 
stable temperature. At 7 W, the spike takes a less coherent form, and this phenomena 
is investigated further in 4.7.4.1. 
 
Figure 4.7.3.iv – The average temperature of the 0.3La0.08Mn porous printed sample 
with varied power 
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4.7.3.1 Commercial PTC stone 
A commercial PTC stone supplied by BorgWarner was used for comparison as an 
industrial benchmark (IB). Figure 4.7.3.v shows the heating characteristics of this stone, 
where 5 W is required to reach a stable temperature in under 100 seconds at the TC, 
compared to just 2 W for the porous printed 0.3La0.08Mn sample, despite the IB sample 
being thinner. However, due to the significant unspecified amounts of strontium in the 
sample, the TC was 200 °C and therefore this sample cannot be compared too closely 
with the materials used in this project. Further comparison between this and the printed 
samples are investigated further in the following section. 
  
Figure 4.7.3.v – The average temperature of the commercial PTC stone supplied by 
BorgWarner; a different composition to those studied in this project 
 
4.7.3.2 Heater comparisons 
To compare the heaters across the low power range, the 1, 2 and 3 W of power are 
included together for IB, the solid prints (SP) and porous prints (PP) of 0.3La0.08Mn in 
Figure 4.7.3.vi. There is an even increase in the temperature output at 100 seconds and 
the heating rate for IB, while it does not reach the stable TC of 200 °C in this timeframe 
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with this power. On the contrary, both the solid and porous 0.3La0.08Mn reach their TC 
of 120C and stabilise heat output with 2 and 3 W. At 1W, the 0.3La0.08Mn heaters have 
negligible but very slightly higher rate of heating for 30 seconds, before beginning to 
slow in heat increase while IB increases slightly, leading to a 20 °C higher heat output for 
IB. Though, taken as a percentage of the TC, both IB and 0.3La0.08Mn are   5̴0% of TC 
after 100 seconds at 1 W, which may account for the difference. This comparison of the 
different heaters emphasises that the heating rates increase with increased power 
across all heaters, as expected. 
 
Figure 4.7.3.vi – Heating behaviour of 3D printed PTC samples at varied power levels; 
0.3La0.08Mn solid printed sample (notation – SP),  0.3La0.08Mn porous printed 
sample, (notation – PP), Industrial benchmark PTC stone sample (notation – IB) at 1, 
2 and 3 W 
IB, the solid prints (SP) of 0.3La0.08Mn and 0.135La and the porous print of 0.3La0.08Mn 
are compared at 3 W of power in Figure 4.7.3.vii. The distinct heating rates can be 
compared, with IB having the slowest heating rate, 0.135La the second slowest while 
the porous 0.3La0.08Mn print had the highest rate of heating. The 3 samples used from 
this project have a Curie temperature of   1̴20 °C, which is clear to see as the heater 
output stabilises just above it.  For 3 W of power, the 3D printed heaters display a fast 
heating rate to output a stable temperature of just above the Curie temperature, while 
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the self-regulating PTC effect prevents overheating, even for the 0.135La with a 
significantly smaller PTCR jump than 0.3La0.08Mn. These are faster heating rates at low 
power levels compared to IB, although a full comparison cannot be drawn due to the 
different Curie temperature as a result of the different composition. 
 
  
Figure 4.7.3.vii – The heating behaviour of different PTC samples compared at 3 W  
 
4.7.4 Heating rate and output as a function of power 
Figure 4.7.4.i shows the heating rate and stable temperature of the 0.3La0.08Mn solid 
and porous printed heaters, allowing a more comparative analysis across 0 – 3 W 
compared to 4.7.3. The heating behaviour of the porous and solid samples are very 
similar, with the porous samples taking slightly longer to heat than the solid samples at 
lower power but with a slightly lower heat output. This is possibly due to the heater 
requiring longer to heat evenly by convection due to the pores compared to the solid 
sample. However, at higher power the porous sample heats slightly faster and has a 
higher stable temperature output. This is likely due to the higher power density within 
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the porous sample as the total cross sectional area is less than for the solid sample, as it 
is concentrated within the filaments. While heating rate and heat output are very 
similar, the mass of the porous sample is almost half that of the solid sample;   4̴7% 
weight reduction. This could be reduced further, increasing the heater efficiency further 
by use of AM. 
 
Figure 4.7.4.i – Temperature span across the 0.3La 0.08Mn PTC heater as a function 
of power for solid and porous 3D printed samples, all temperatures based on a 
tolerance of ±0.5 °C for temperature, and 60 mW for drawn watts 
 
4.7.4.1 Temperature overshoot/spike 
The resistivity in PTC ceramics are a result of grain boundary resistivity. This means that 
when heating under an electric field, it is the grain boundaries which heat up, conducting 
heat to the grain bulk. Due to this, 50 °C difference within a single grain (30-60 µm grain 
size) have been previously observed [234]. Figure 4.7.4.ii examines inside the pores of 
the sample, and plots the maximum temperature observed, rather than the average of 
the exterior. This shows the overshoot, or temperature spike, to increase by 350 °C just 
after reaching the TC, before returning to the average temperature just above the TC just 
5 seconds later, for power of 5 W and over. The effect was not evidenced lower than 
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this, and did not change substantially for the higher power input of 6 and 7 W. The right 
inset in Figure 4.7.4.ii highlights the specific location in which this spike was observed. 
This area was not necessarily the only place a hot spot was occurring, but was the only 
one observed. Localised temperature increases of 106 °C/s under an electric field are 
possible which cause huge internal stress and crack the heater [66], while the greatest 
increase observed here was 1.6x103 °C/s, although this was not measured with use of 
infrared microscopy, as the work giving 106 °C/s was. The heating rate of the maximum 
temperature measured here, 80 °C/s, matches the heating rate of the average 
temperature measured in Figure 4.7.3.iv. This shows that the sample as a whole heats 
at a high rate, and the temperature spike only occurs in a very small localised region 
which overshoots the ρmax before the heat output homogenises after 10 seconds. 
 
Figure 4.7.4.ii – The maximum temperature within the 0.3La0.08Mn porous printed 
sample for a given power, measured within a specific pore (inset right), the rate of 
change in temperature per second at 6 W and 3W (inset left) 
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Figure 4.7.3.iv shows the overshoot of temperature that was observed at high power 
input in the porous printed sample, along the external filament, and shows how this 
spike from Figure 4.7.4.ii is represented by the sample as whole. This is known as 
temperature overshoot in PTC heaters and is caused by varistor-like behaviour. The 
electric field through the sample is concentrated in one area, which rapidly heats past 
the ρmax and leads to runaway heating of that spot before the surrounding material heats 
to the TC, increasing the overall resistance of the sample which balances the power, and 
the system self regulates [235]. This phenomena only exists at high power inputs and 
only during switch on, so a controlled switch on can be used to mitigate it, if power is 
desired for the application, which has been investigated in other work [236]. While the 
3D printed sample could withstand the temperature gradients and the stresses caused, 
and therefore demonstrates its reliability for use as a heater, excessive repeated use or 
excessively high power can lead to fracture and failure of the heater [66,235]. The most 
common cause of failure is delamination with the electrodes due to these hot spots, 
which worsens the hot spots due to the asymmetry of the electrode contact with the 
PTC and leads to even greater thermal stress [237].  
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4.7.5 Thermal stability over time of 3D printed PTC heaters 
     
Figure 4.7.5.i – Thermal stability of the 3D printed heater samples against the 
industrial benchmark PTC heating element at 3W 
The thermal stability of the 0.3La0.08Mn 3D printed heaters were compared with the 
industrial sample at 3 W, shown in Figure 4.7.5.i. The standard deviation from the mean 
of the IB was 1.0 °C, while the solid printed 0.3La0.08Mn was 0.92 °C and the porous 
printed 0.3La0.08Mn was 0.67 °C. This shows that the self-regulated heater output of 
the printed heaters was comparable, and even slightly better than the industry 
equivalent. Both printed heaters had less spread in temperature, with the porous heater 
performing the best.  
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4.7.6 Alternative geometries 
Figure 4.7.6.i shows alternative heater geometries printed by robocasting. The varied 
heating can be seen dependent on the electrode location, for the circular honeycomb 
and the hollow rod the electrodes were on the left and right, while the previously test 
square honeycomb had electrodes facing to and away from the camera. Heat output 
tends to be greatest at the central location between the electrodes, yet as has been 
demonstrated the shortest path between them leads to overshooting, and this is 
worsened with greater asymmetry. This simple porous design was used to test feasibility 
of a 3D printed PTC heater by replicating the existing conventional honeycomb heaters. 
3D printing would allow more complex porous structures to be created with no extra 
cost but with improved heating transfer, such as double gyroid structures [238]. With 
the fabrication of more complex heaters by AM, the symmetry of the electrodes with 
the heater will need to be accounted for to prevent failure inducing thermal gradients 
[237]. However, this is not a problem when not at use under excessively high power, 
with less frequent switching of the power, and with the use of current overload controls 
to prevent the temperature overshooting occurring during switch on.  
  
Figure 4.7.6.i – Different heater geometries fabricated by robocasting in this project 
and their heating behaviour imaged through an infrared camera 
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Chapter 5 
Conclusions 
The project has demonstrated the feasibility of fabricating functional PTC heaters of 
various complex geometries by additive manufacturing for the first time. PTCR powder 
was synthesised by different methods and co-precipitation was found to be the most 
ideal for micro-extrusion as it resulted in a homogenously doped, agglomerate free 
powder, with a more reliable and repeatable calcination results. Varying ink 
formulations were investigated as a function of viscofier, dispersant amounts and solids 
loading. Importantly just 2.5 wt% additives were found to be enough for achieving 
reliable 3D printing of components - this is a significant reduction on conventional 
methods of forming of honeycomb PTC heaters and other AM processes used for BT 
ceramics where   ̴10-30 wt% additives were typically used.  
A wide range of solids loading was found to be printable, between 55 wt% and up to 87 
wt% though the quantity of viscofier was altered to compensate for viscosity. Printing 
could also be achieved without viscofier addition but resulted in a weak green body that 
cracked during drying. Up to 5 wt% viscofier was investigated and found to be printable 
but this lends a significant elastic aspect to the paste, leading to greater distortion and 
warping during drying and sintering. 1.2 – 1.5 wt% viscofier amount was found to be 
optimal. Dispersant as low as 0.5 wt% provided a well dispersed paste and greater than 
2 wt% was found to give no additional dispersing properties. A very high solids loading 
was found to result in rapid drying during printing, leading to nozzle clogging and failed 
prints whilst at the lower the solids loading, greater shrinkage and distortion noticed 
during sintering. 75 – 82 wt% solids loading was found to be optimal. Of the rheological 
characteristics, all formulations exhibited shear thinning behaviour and yield stress was 
found to be key contributor to successful fabrication via robocasting. During printing, a 
range of printing parameters were investigated and found to affect each other, with 
different optimal relationships between them depending on whether the print needed 
was a solid geometry or porous geometry. Drying conditions during printing was found 
affect the stiffness of the extruded paste and its ability to retain dimensional accuracy. 
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Rapid high temperature drying was identified to increase the porosity (or density) of the 
samples and to potentially affect the PTCR characteristics.   
The printing process need more careful control to achieve the needed dimensional 
tolerances in terms of strut lengths, widths, pore sizes etc. The designed porosity could 
be tailored depending on need leading to lightweighting of the components with 
significant materials savings – 47% mass reduction achieved in this project. This also – 
opens up the possibility of printing functionally graded heaters (multi-zonal heaters), 
with different pore sizes in the same heater. As micro-extrusion extrudes the 
components from filaments, this can be utilised to fabricate a heater of interwoven 
filaments for greater weight reduction and efficiency, among many other geometries 
with the same robocasting equipment, without the need for additional tooling costs. 
The dopant variations were found to reduce the density and grain size, with the optimal 
donor doping of 0.135 mol% of lanthanum giving a bimodal grain structure. The 
combination of acceptor and donor doping of 0.3 mol% lanthanum and 0.08 mol% 
manganese showed a grain structure similar to the undoped barium titanate, with a 
grain size range of 15-20 µm. EDX and XRD showed homogenous tetragonal barium 
titanate throughout the sintered PTCR material. The 3D printed microstructure had 
more porosity, but this was only seen where high drying temperatures were used and 
was visible even in the dry green body. The increased porosity / lower density of the 3D 
printed heaters compared to die-pressed samples was found to increase the overall 
resistivity; at room temperature and throughout the whole range by 1.5 – 2 orders of 
magnitude. This was a desirable change; while a higher RT resistivity is less desirable the 
greater jump and steepening of the slope that accompanied it is. Importantly, this 
property could be tailored dependent on need of the application by careful control of 
the drying, and/or addition of pore-forming agents in the paste.  
The PTCR behaviour of the 3D printed components was found to be very similar for both 
the solid and porous samples and the designed porosity was taken into consideration to 
calculate the overall resistivity. While the heating behaviour remains very similar as a 
function of power, at higher power inputs, the porous heaters reach a stable 
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temperature faster than the solid samples (3.5 vs 8.5 seconds respectively at 3 watts 
power) while being slower at lower power (100 vs 75 seconds respectively at 1 watt ). 
This could be the manifestation of the interplay between the heat input versus heat loss 
behaviours of them. For 0.3La0.08Mn samples both solid and porous hearers stabilise 
at a temperature just above the Curie temperature while the 0.135La doped sample 
experiences a steady increase with increased power, due to the shallower PTCR slope. 
Long term stability (over 30 minutes) of the heater output showed that the 3D printed 
heaters were equal to and in some cases more stable than the industrial sample, with a 
standard deviation of ±1 °C for the industrial material, with ±0.9 °C and ±0.7 °C for the 
0.3La0.08Mn material, solid and porous printed heaters respectively.  
Overall, this project paved the way for additive manufacturing of light weight heaters 
through efficient design suitable for automotive, aeronautical and astronautical 
applications. With AM, there is significantly reduced waste and no retooling costs for 
design changes compared to conventional manufacture. With the feasibility 
demonstrated for the use of AM to fabricate PTC heaters, the technique further allows 
for great control and tailoring of a multitude of characteristics including design of pore 
shape (triangular, spherical, hexagonal etc.), size and their distribution, and complex 
geometrical designs to alter the PTCR characteristics. With further developments in 
multi-material extrusion, it will be possible to augment the design capabilities of additive 
manufacturing of ceramics to form both functionally graded material heaters with 
differing dopant concentrations and/or to deposit the metal electrodes in a single AM 
process. 
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Chapter 6 
Future Work  
In this project, aqueous paste was extruded at room temperature to be dried in air. 
Further work can be done to ascertain if the use of controlled high temperature drying 
that forms the micro-porosity in the printed components and its effect on the PTCR 
effect. Further alterations to the paste can be investigated to develop a temperature 
dependent thixotropic paste with a different viscofier which is easily extrudable through 
a hot nozzle but undergoes an increase in yield stress upon cooling, reducing the 
necessity for complicated drying steps. Further work can also be performed to 
investigate the elastic tendencies of a high viscofier content paste when used for 
filament extrusion. This could be investigated in conjunction with smaller nozzle sizes to 
achieve thinner filaments, if the solids loading can be reduced to prevent clogging. 
Future work on using multi-material extrusion with different robocasting equipment to 
investigate the fabrication of functionally graded multi-materials by combing different 
types of doped BT into one heater component, with designed heating outputs in 
different areas of the heater under a single standard power input. Multi-material 
extrusion can also be used to investigate deposition of the electrodes during printing of 
the heater component in a single additive manufacturing process – this will allow for 
electroding of complex 3D geometries that might not be possible by conventional 
electroding processes.  
While the stability over time was investigated and determined to be stable in this 
project, the heating stability could be further investigated over a number of cycles, to 
determine the overall life of 3D printed heaters compared to conventionally made 
heaters along with the determination of thermal shock resistance characteristics to 
identify whether   fatigue would be noticeable before failure.  
Combination of AM and field Assisted Sintering Techniques (FAST) for the manufacturing 
of complex functional ceramic components could lead to significant energy efficiency 
and could pave the way for green and low temperature processing of advanced 
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ceramics, a sector that is generally perceived as highly energy intensive. This could also 
lead to more industrial take-up of these new developments. 
The general applicability of the robocasting-based AM technique augers well for its use 
to manufacture other complex shaped advanced ceramics for demanding applications, 
for example, in healthcare (biomedical implants), defence (high frequency, high 
temperature conformal antenna structures) and energy (battery components) sectors.
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Appendix A 
XRD of raw powders 
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Figure A 1 – XRD of the constituent raw powders used 
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Appendix B 
Flash sintering SEM results 
Experimental method for flash sintering  
Flash sintering was investigated on 0.135La by application of platinum paint to a calcined 
solid print on top and bottom. This was loaded into the holder with positive electrodes 
on the bottom, negative electrodes on the top made of platinum wires connected to a 
graphite sheet and loaded into the tube furnace (Lenton Tube Furnace 1200 °C). The 
circuit was controlled by a ‘TTI EX752M Multi-mode PSU 75V/150V 300W’ and the 
current was recorded by a ‘Keithley 2100 6 1/2 digit’ digital multimeter.  
 
Results and discussion for flash sintering  
Flash sintering was undertaken on calcined 3D solid prints of 0.135La. The sample 
fractured into multiple pieces, with the interior appearing black, and the exterior 
remaining white and unsintered. The flash occurred at 921 °C under   ̴455 V/cm of AC. 
The resulting microstructure can be seen in Figure A 2. The microstructure seen in the 
top two images is likely representative of a highly rapid grain growth based on the unit 
cell structure of BT, and the top left image appears to be covered in a glassy phase, 
possibly from melting. The bottom left image shows microstructure with an appearance 
more similar to that of the conventionally sintered grain structure of 0.135La albeit it 
with high intergranular porosity with more irregularly shaped grains. The bimodal 
structure can be seen here with large grains on the left    ̴40 µm wide with smaller 
grains    ̴15 µm wide on the right. Notably, these are larger than the grain size for 
conventionally sintered 0.135La. The bottom right image displays an area which contains 
these same grains (seen bottom right), with an area of highly dense conventional grains 
(seen on the left)   ̴7 µm wide but an unusual area (seen in the centre and top) of highly 
porous small grains    1̴ µm. This appears to be an accentuated effect of the bimodal 
structure of 0.135La with a porous small grain structure and a denser, larger grain 
structure, although the porosity in the small grain area here is    4̴0 %, and appears to be 
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covered in a glassy melt surface similar to that seen in the top left image. However, the 
dense regular grain structure seen proves that flash sintering would be capable of 
producing highly dense PTC heater, but much greater control of the process is needed. 
The destruction of the sample and the inability to do any further dielectric or heater 
characterisation as a result determined that no further investigation of flash sintering of 
3D printed PTC heaters would be done. 
 
 
Figure A 2 – SEM of flash sintered 0.135La displaying highly interesting, irregular and 
faceted microstructure 
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Appendix C 
Published journal article 
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